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Firefly luciferase (FLuc) is an enzyme used widely as a reporter in various studies in 
biosciences. In the presence of ATP, molecular oxygen and Mg2+ it catalyzes a light emitting, 
bioluminescent reaction where its substrate luciferin is oxidized, releasing a photon. This 
light signal can be detected by a luminometer from in vitro samples or by a sensitive charge-
coupled device camera (CCD) when imaging tissues in vivo. In some assays such as dual 
luciferase reporter (DLR) assays, which use two different luciferase reporters in parallel, the 
controlled specific inhibition of one of the luciferase enzymes can be desired. Controlled 
inhibition is achieved by administering specific luciferase inhibitors. 
This thesis describes synthesis and effects of novel firefly luciferase inhibitors, conjugation of 
inhibitor compounds to different peptides and the assays performed to assess inhibitory 
function of the compounds in vitro on recombinant luciferase and cytosolic luciferase in 
U87FLuc glioblastoma cells. In general the aim of this thesis was to explore the possibilities 
of these novel luciferase inhibitors and conjugates for in vitro and in vivo imaging in 
conjunction with a review of firefly luciferase-based bioluminescent imaging (BLI). 
The results indicate that all the produced novel inhibitors were able to inhibit recombinant 
luciferase, but only some of the compounds exhibited cytosolic luciferase inhibition. This in 
turn demonstrates the different cell permeating properties of the compounds, caused by 
differing side chains attached to the inhibitory moiety. Of the tested linkers a polyethereal 
side chain proved to grant best inhibition. Results also indicated that longer alkylic side 
chains provided better inhibition than short linkers. However, in general the linkers 
decreased the inhibitory efficacy, shown by the remarkably stronger inhibition by 
compounds lacking a linker side chain. Of the peptides, peptide a and its conjugate both 
showed strong inhibition of recombinant and cytosolic luciferase, most likely caused by the 
ability of cationic peptide a to bind and deplete the amount of free ATP needed for the 
bioluminescent reaction. The greater inhibition expressed by peptide a conjugate indicates 
that the inhibitor moiety retained its inhibitory activity despite the conjugated peptide. 
Supporting this, also peptide d conjugate showed notable inhibition of recombinant 
luciferase whereas unconjugated peptide d exhibited none. Other peptides or conjugates did 
not show significant inhibition in the tested concentrations, but may still be able to express 
inhibition in higher concentrations. Only one tested compound showed signs of decreased 
cell viability.  
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AMP Adenosine monophosphate 
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BLI Bioluminescence imaging 
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L-AMP Dehydroluciferyl-AMP 
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LH2 Beetle luciferin (2-(6´-hydroxy-2´-benzothiazolyl)-2-thiazoline-4-carboxylic acid) 
luc Luciferase gene 
MRI Magnetic resonance imaging 
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N-FLuc Amino terminal fragment of firefly luciferase 
NF-κB Nuclear factor κB 
NGF Nerve growth factor 
nIR Near-infrared 
NMR Nuclear magnetic resonance 
ODD Oxygen-dependent degradation domain of HIF1-α 
ODD-FLuc Fusion construct of firefly luciferase fused to oxygen-dependent degradation 
domain of HIF1-α 
PCA Protein complementation assay 
PFU Plaque-forming unit 
PPi Inorganic pyrophosphate 
RET Resonance energy transfer 
RFP Red fluorescent protein 
ROI Region of interest 
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TK+ Thymidine-kinase positive 
TLC Thin layer chromatography 
TOF Time-of-flight 
VIGIV Vaccinia virus immunoglobulin G 
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1. INTRODUCTION 
 
Luciferases catalyze a biochemical reaction where their substrate luciferin is oxidized 
releasing a photon of light in the process (Marques & Esteves da Silva, 2009). Such enzyme 
catalyzed light emitting reactions in biological systems are the cause of bioluminescence. 
Bioluminescent reactions have a number of applications in imaging of biochemical and 
biological experiments. Luciferases are widely used as reporter genes in 
transcriptional/translational studies but can also be applied to imaging of different cells 
either in vitro or in vivo (Greer & Szalay, 2002). In some imaging applications the controlled 
inhibition of constitutively expressed luciferase is desirable, for instance to gain signal from 
another light emitting reporter (Sherf et al., 1996). This can be achieved using a luciferase 
inhibitor, compound which either changes the properties of luciferase (noncompetitive 
inhibition) or competes with luciferin in order to inhibit the reaction involving luciferin and 
consequently the emission of light (competitive inhibition) (Auld et al., 2008b). It is also 
possible to measure the signals without administering luciferase inhibitors with the aid of 
different filters if the emission spectra of the two reporters are sufficiently different, but this 
approach usually loses the sensitivity of imaging one reporter at a time. When imaging living 
tissues and cells, inhibitor molecules must be able to localize inside the cells in order to 
inhibit cytosolic luciferase. The obstacles inhibitors must pass include blood vessel 
epithelium, blood brain barrier if the target is in the central nervous system, and ultimately 
the cell membrane of target cells. Naturally, different inhibitors have variable ability and 
kinetics to permeate through the cell membrane. Even if their ability to permeate the cell 
membrane would be poor, luciferase inhibitors could still be useful for studying cell 
penetrating peptides (CPPs), which are designed to carry a cargo molecule inside the cell. A 
firefly luciferase (FLuc) -based assay utilizing luciferin-conjugated CPPs has been reported, 
demonstrating the feasibility of FLuc-based assay for studying cellular uptake kinetics of 
CPPs (Eiriksdottir et al., 2010). The conjugation of FLuc-inhibitors to peptides is a logical 
derivative of this idea and could provide a novel tool for studies of CPPs and possibly other 
bioactive peptides. 
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In this thesis are described the synthesis and effects of novel firefly luciferase inhibitors, 
conjugation of these inhibitors to different peptides and the assays performed to assess the 
inhibitory function of these compounds in vitro on recombinant as well as cytosolic 
luciferases. In general the aim of this thesis is to explore the possibilities of these novel 
luciferase inhibitors and conjugates for in vitro assays and in vivo imaging in conjunction with 
a review of luciferase-based bioluminescent imaging.  
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2. LITERARY REVIEW 
 
Bioluminescence is a form of chemiluminescence, in which enzymes called luciferases 
catalyze the formation of an excited state of their substrate luciferin. The reaction produces 
light as the excited substrate reverts to its ground state. Bioluminescence imaging (BLI) is an 
imaging modality which exploits this phenomenon and it is the focus of this review. Despite 
the shared name, luciferases are found in several different species over a large taxonomic 
range, from single celled bacteria to complex organisms such as jellyfish, sea pansy and 
firefly (Haddock et al., 2010; Greer & Szalay, 2002). In consequence luciferases vary greatly 
in structure, mechanism of action and substrates to a point where luciferases from unrelated 
species share no structural similarities (Wilson & Hastings, 1998). Similarly, the substrates 
are usually referred to as luciferins, even though different luciferases have different 
substrates (Greer & Szalay, 2002). The most widely used luciferase enzyme in 
bioluminescent imaging is the one found in fireflies (Photinus pyralis) (Luker & Luker, 2010), 
thus this review concentrates on firefly luciferase (FLuc) and FLuc-based imaging 
applications. 
Firefly luciferase gene (luc) is used widely as a reporter gene which provides visual indication 
of a number of biological processes, such as activated transcription of target gene. In such a 
study luc is imported into the genome under the control of promoter which normally 
regulates the activation and inactivation of target gene. When this promoter is active it 
induces transcription of luc in place of or in conjunction with the target gene, leading to 
expression of luciferase, a monomeric 61 kDa protein. Added luciferin, ATP and Mg2+ are 
then used to start the bioluminescent reaction (Sherf et al., 1996). Bioluminescence can be 
detected non-invasively in vivo using a sensitive charge-couple device (CCD) camera (Contag 
& Bachmann, 2002). 
In certain studies, primarily dual-luciferase-reporter (DLR) assays, controlled and specific 
inhibition of luciferase can be desirable (Sherf et al., 1996). Specific luciferase inhibitors 
render luciferase unable to catalyze the bioluminescent reaction. The types of inhibition 
caused by inhibitors can be divided in several classes. Inhibitors which compete with the 
substrates luciferin, ATP and Mg2+ for the active centre of luciferase are called competitive 
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inhibitors. Non-competitive inhibitors prevent the oxidation of luciferin by binding their own 
specific binding site and causing subsequent small-scale reshaping of the luciferin binding 
site. Large-scale reshaping and following loss of catalytic activity caused by an inhibitor 
bound to a distant part of the enzyme is a case of allosteric inhibition. Another mechanism 
to seemingly reduce measured luciferase activity is caused by light attenuation, an 
absorbance-based characteristic of the compound (Auld et al., 2008b). A schematic view of 
luciferase function and the most prevalent types of inhibition is presented in Figure 1. 
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Figure 1: A schematic view of function and the most prevalent inhibition types of luciferase. The 
substrate, luciferin (S) along with ATP and Mg2+, binds to luciferase (Luc) and is oxidized into 
oxyluciferin (Oxy) producing light when the excited oxyluciferin reverts to its ground state [A]. A 
competitive inhibitor (Ic) binds to luciferase blocking luciferin’s access to the active site [B]. A non-
competitive inhibitor (Inc) binds its own binding site on luciferase, modifying the structure of the luciferin 
binding site, thus preventing the oxidation of luciferin into oxyluciferin even though luciferin can bind 
the binding site [C]. A non-competitive allosteric inhibitor (Ia) binds to a distal part of luciferase causing 
a conformational change in the enzyme, which reshapes the active site so that luciferin is unable to 
bind or the active site loses its catalytic activity (D). (Auld et al., 2008b; Leitão & Esteves da Silva, 
2010) 
A 
B 
C 
D 
S 
Ic 
Inc 
Ia 
Luc 
Oxy 
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2.1 Firefly luciferase catalyzed bioluminescent reaction 
 
Firefly luciferase catalyzes the oxidation of beetle luciferin (2-(6´-hydroxy-2´-benzothiazolyl)-
2-thiazoline-4-carboxylic acid, also called LH2), of which the D optical isomer, i.e. the isomer 
possessing the absolute configuration S (D-LH2), is reactive promptly through the 
bioluminescent pathway (Marques & Esteves da Silva, 2009). In the luciferase-catalyzed 
bioluminescent reaction D-LH2 is oxidized in the presence of adenosine triphosphate (ATP), 
Mg2+ and molecular oxygen to yield oxyluciferin, photon, adenosine monophosphate (AMP), 
inorganic pyrophosphate (PPi) and CO2. 
The reaction, depicted in Figure 2, takes place in two steps. First step is the formation of an 
enzyme-bound intermediate, D-luciferyl adenylate (D-LH2-AMP) from D-LH2 and ATP. The 
second step consists of oxidation and decarboxylation of the intermediate, which reacts with 
oxygen yielding oxyluciferin and photon. Figure 2 also depicts the non-radiating reaction 
catalyzed by luciferase in the lower half of the figure, where dehydroluciferin (L) reacts with 
ATP to form dehydroluciferyl-AMP (L-AMP) in a similar manner as D-LH2-AMP is formed. In 
the presence of inorganic pyrophosphate, however, L-AMP can be split into L and ATP 
(Leitão & Esteves da Silva, 2010). 
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Figure 2: Firefly luciferase catalyzed reactions. Luciferase forms an intermediate LH2-AMP in the 
presence of ATP and Mg2+. LH2-AMP is oxidized through intermediates to oxyluciferin, in the process 
AMP, CO2 and a photon are formed. In a side reaction LH2-AMP is oxidized to L-AMP, forming also 
hydrogen peroxide. L-AMP can be split into L and ATP by PPi (Leitão & Esteves da Silva, 2010). 
The bioluminescent reaction catalyzed by FLuc in vitro has a short lived and characteristic 
emission profile with an initial flash, which is either maintained for a given period of time or 
decays to a low basal level in a few seconds. This profile is best explained by inhibition 
caused by reaction products. L-AMP has been observed to be the strongest substrate-related 
inhibitor of FLuc (Ribeiro & Esteves da Silva, 2008; Leitão & Esteves da Silva, 2010) and is 
formed in a side reaction in the bioluminescent reaction pathway as shown in Figure 2. It is 
the greatest single factor causing light emission decay of luciferase. However, the retarding 
effect of L-AMP is countered by coenzyme A (CoA), which induces luciferase catalyzed 
thiolytic split of L-AMP into a much less powerful inhibitor, dehydroluciferyl-CoA (L-CoA) 
(Fraga et al., 2005). Another major contributor to FLuc light decay is the final product of 
bioluminescent pathway, oxyluciferin. It is a competitive inhibitor of luciferin and renders 
FLuc unable to react with CoA and split L-AMP into L-CoA (Ribeiro & Esteves da Silva, 2008). 
The adenylation step produces inorganic pyrophosphate which has also been shown to 
inhibit FLuc. On the other hand it has also been discovered to stabilize FLuc bioluminescence 
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by a similar effect as CoA, allowing the formation of a less powerful inhibitor (Fontes et al., 
2008). An important family of luciferase inhibitors is luciferin analogs such as certain 
benzothiazoles (Branchini et al., 1997), which inhibit FLuc owing to their similarities in 
chemical structure with luciferin. Certain anesthetics and fatty acids have also been reported 
to inhibit luciferase (Leitão & Esteves da Silva, 2010). Luciferase inhibition by anesthetics can 
cause problems when imaging living animals as the animals are anesthetized prior to 
acquiring the bioimaging data. It should also be noted, that ATP-binding compounds will 
inhibit the bioluminescent reaction by depleting the free ATP which is needed for luciferase 
catalyzed formation of D-LH2-AMP. For instance, cationic peptides such as ones containing 
large amounts of arginine have been reported to bind ATP and inhibit ATP-dependent 
enzymes (Hilpert et al., 2010). A simple way to attenuate the FLuc bioluminescent signal in 
vitro is by increasing the absorbance of the solution through addition of a colored substance 
(Auld et al., 2008b). 
 
2.2 Bioluminescence imaging 
 
2.2.1 General properties 
 
In general luciferases can be used to visualize and image several biological processes. The 
procedure to detect light emitted by enzymatic reactions is also known as bioluminescent 
imaging (BLI). Luciferases can be used as reporter genes in numerous different organisms 
and cells under several different promoters. The strength of BLI is that it can be used in living 
cells and animals non-invasively. In addition to visualization of transcriptional activation and 
promoter activity described above, other BLI applications of luciferases include the imaging 
of protein site-specific secretion, protein-protein interaction, protein trafficking, cell injury-
induced expression and regulation, determination of ATP and free Ca2+ concentrations and 
the visualization of immune response (Greer & Szalay, 2002). 
The greatest advantage of BLI is that it allows repetitive measurements of many biological 
processes in the same living organism. The timeframe of these measurements can range 
from hours to weeks. BLI is also cost-efficient, owing to the relatively inexpensive 
instruments. BLI studies require fewer animals per study as repetitive imaging can be 
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conducted on the same animal with no need to euthanize and each animal comprises its 
own control. The FLuc-LH2 bioluminescent system has been used successfully for in vivo 
imaging throughout the body. This is largely attributed to the high signal-to-noise ratio of 
luciferase, caused by signal amplification produced by enzymatic activity of luciferase and 
low background noise levels of BLI as mammalian cells do not naturally emit 
bioluminescence. Successful imaging has been reported to be unaffected by biodistribution 
of the substrate luciferin as only relatively low amounts of injected luciferin accumulate and 
retain in tissues such as bone, heart, skeletal muscle and brain (Lee et al., 2003). It has also 
been observed that light emission by luciferase can be increased substantially when using 
higher doses of luciferin. However, the amount of measurable increase of light emission 
depends on anatomic location of the luciferase reporter (Paroo et al., 2004), caused by 
signal attenuation discussed below. Another mechanism for signal variability and luciferase 
activation in living cells is caused by inhibitor based luciferase stabilization. Some inhibitors 
form a complex with luciferase which is much more resistant to degradation than free 
luciferase, increasing the amount of luciferase in the cell through stabilization. Excessively 
added luciferin can outcompete the inhibitor and the bioluminescent reaction can occur, but 
the signal is increased by the elevated amount of luciferase enzyme (Auld et al., 2008a). 
On the other hand, some limitations remain when utilizing BLI. One of the most important 
limitations is signal attenuation caused by absorption and scattering of light by mammalian 
tissues. Visible wavelengths of light, such as light produced by luciferase, suffer 
approximately ten-fold attenuation per centimeter of tissue. The attenuation is caused 
primarily by absorption by hemoglobin but also melanin and other pigmented molecules. 
Hemoglobin absorbs mostly in the blue and green region of the spectrum, up to 
approximately 600 nm. Cells residing below pigmented organs and fur are prone to 
quenching of the bioluminescent signal. Highly pigmented dark fur also quenches signal 
more than white fur, promoting either the use of albino strains of mice as small animal 
models or depilation of the area being imaged, although in some model animals depilation 
can also induce pigmentation (Curtis et al., 2011). However, since many luciferases, including 
FLuc, have wide emission ranges which contain significant red components (over 600 nm) 
their emission can be measured through mammalian tissues (Contag & Bachmann, 2002). 
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The amount of light emitted by luciferase decreases progressively through 60 minutes and 
typically becomes undetectable by 6 hours after administering luciferin. Thus in order to 
acquire reproducible imaging data among many samples on multiple days, it is important to 
determine a constant time after administering luciferin when imaging will commence (Luker 
& Luker, 2008). 
In small animal models administration of substrate luciferin is usually done by 
intraperitoneal injection. Typically the signal intensity is highest after 10-15 minutes after 
the injection, and the images are acquired during this timeframe. Intravenous injection is 
also possible and allows immediate imaging, but repeated intravenous administration of 
substrate may result in damaged tail veins (O'Neill et al., 2010). In addition, substrate can be 
administered by direct intratumoral injection (Paroo et al., 2004; Cecic et al., 2007), 
subcutaneous delivery (Dikmen et al., 2008; Karam et al., 2007) and oral delivery through 
drinking water (Hiler et al., 2006). Also, micro-osmotic pumps have been reported to be 
suitable for models where luciferase expression is induced, e.g. by apoptosis or cell-cycle-
dependent reporters, owing to their ability to eliminate signal variability associated with 
substrate delivery (Gross et al., 2007). 
As stated above, luciferase enzymes can be found on a variety of different organisms and 
many of these luciferases have been used for BLI studies. By utilizing luciferase enzymes with 
different emission spectra and/or substrates, two different biologic processes can be 
monitored in the same animal. Both of these luciferases can be expressed in transgenic 
model systems, ranging from single cells to whole animals, or one of them can be expressed 
by the studied cell population or animal and the other by a transgenic reporter virus which 
infects the studied system. The latter approach can be utilized in quantitative studies of viral 
and host factors controlling disease outcome and effects of therapeutic agents. (Luker & 
Luker, 2008) 
Images produced by BLI are typically two-dimensional. This can make precise locating of 
bioluminescent sites challenging because of the lack of depth in the images. In contrast, 
tomographic techniques produce more easily interpreted three-dimensional images. 
Instruments to gain tomographic, cross-sectional BLI images with improved resolution are in 
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constant development and certain imaging applications combining bioluminescence imaging 
with established tomography techniques have been reported (Klose et al., 2010; Iochmann 
et al., 2012). Another imaging challenge is BLI’s relatively low spatial resolution of only 1-3 
mm, which can cause difficulties when attempting to distinguish signals from two discrete 
but anatomically adjacent sites. However, combining BLI data with tomography increases the 
spatial resolution significantly (Zhang et al., 2008). The typical method of quantifying BLI 
data is region of interest (ROI) analysis. In ROI analysis photons of emitted light are 
measured per unit time from a fixed area, which is also called photon flux. Image acquisition 
time and field of view have a variable distorting effect on the results but ROI analysis 
normalizes these errors. However, it is crucial to keep in mind that data acquired this way is 
relative quantification of bioluminescence rather than absolute measured amounts of 
luciferase enzyme activity in a defined site. Measuring absolute bioluminescence is 
prevented by signal attenuation caused by hemoglobin and pigments as discussed above. 
This leads to the fact that quantitative analyses of bioluminescence in vivo are most reliable 
when standard ROI analyses are used to measure bioluminescence in comparable anatomic 
sites (Luker & Luker, 2008). 
 
2.2.2 Reporter animals for BLI studies 
 
Genetically engineered reporter mice for in vivo bioluminescence imaging experiments are 
designed with a promoter of interest regulating expression of a luciferase enzyme. FLuc is 
most widely used in small animal imaging owing to its favorable properties discussed above. 
Luciferase expression is regulated at transcriptional level, which causes a delay between 
activation of promoter and expression of sufficient amounts of luciferase for detection in 
induced promoter systems. Also, there is a delay between inactivation of promoter and loss 
of bioluminescence signal. The length of this delay is dependent on the stability of luciferase 
enzyme. These properties cause the kinetics of induced promoter firefly luciferase mice to 
be relatively slow and can limit studies of rapid biological processes, such as rapid reactions 
to viral infection. On the other hand, sustained expression of luciferase increases signal 
intensity and improves sensitivity. 
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BLI allows sensitive detection of luciferase activity in whole animals, but detection by 
microscopy or flow cytometry are impossible without specialized instruments. Therefore, 
fusion proteins of luciferase and a fluorescent protein, e.g. GFP (green fluorescent protein), 
need to be used in order to integrate microscopic imaging, cellular analyses, and whole 
animal BLI techniques into one modality. Another limitation of transgenic mice in BLI studies 
is the variable expression levels of the reporter construct in various organs and tissues (Luker 
& Luker, 2010). However, variable expression levels can be exploited when studying only 
certain organs of interest. This is based on the idea that the activity of the promoter element 
controlling luciferase expression can be controlled. For instance, bioluminescence can be 
targeted to liver if the used promoter element is highly active in hepatocytes but inactive in 
other cell types. The transgene construct can also be designed to be conditionally expressed 
through several different inducible mechanisms such as cyclooxygenase-2L (cox-2L) 
(Ishikawa et al., 2006) or Cre-loxP -recombination system (Ishikawa, 2011).  
Genetically engineered luciferase expressing reporter mice could expand the potential 
applications of BLI for studies of, for example, viral infection in small animal models of 
diseases. For instance, these reporter models allow the imaging of wild type viruses with 
virus-specific reporter mice. This in turn allows the use of already existing mutant viruses 
lacking luciferase reporter in imaging studies. This approach saves a significant amount of 
time and effort that creating stable reporter viruses would require (Luker & Luker, 2010). 
 
2.2.3 Prokaryotic and viral bioluminescence imaging 
 
Prokaryotic and viral imaging applications utilize luciferase to visualize sites of bacterial or 
viral proliferation, infection, dissemination, signaling pathways and patterns of host 
responses. BLI can also be used to quantify prokaryotic and viral replication. Antiviral 
imaging benefits greatly from BLI approach because conventional studies of viral infections, 
pathogenesis and treatment rely on invasive acquisition of samples from animals post 
mortem (Luker & Luker, 2008). Traditional studies are based on measuring indicators of 
infection in selected tissues at predetermined time points. This approach is unable to 
identify unexpected sites of infection or patterns of host response. BLI in turn can be used to 
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visualize also these unexpected indicators in longitudinal studies requiring a smaller number 
of animals to generate statistically significant data. 
Traditional methods of viral BLI used luciferase expressing recombinant viruses and they 
have proven to be highly effective tools for detecting and quantifying viral replication in 
living animals. This approach has some important limitations, however. The most important 
limitation encountered when using recombinant viruses is the size of viral genome. DNA 
viruses, such as pox- and herpes viruses, typically have relatively large genomes making it 
simple to engineer transgenic DNA viruses with luciferase reporters for imaging. DNA viruses 
allow insertion of foreign DNA with minimal or no attenuation of viral replication and 
pathogenicity in animal models of infection. In contrast, RNA viruses, e.g. lentiviruses, have 
smaller genomes and are much less tolerant of insertion of imaging reporter genes making 
them difficult to utilize for BLI at present. Overcoming the problems of inserting foreign 
genetic material into RNA viruses is essential when engineering RNA viruses to express 
modified reporter proteins for BLI (Luker & Luker, 2010). 
EXAMPLE STUDY OF VIRAL BIOLUMINESCENCE IMAGING 
Application of Bioluminescence Imaging to the Prediction of Lethality in Vaccinia Virus-
Infected Mice 
Bioluminescence was used to assess lethality of WR vaccinia virus and effect of antiviral 
treatment in live mice after lethal viral challenge. Luciferase reporter gene was expressed 
under the control of a synthetic immediate-early promoter in thymidine kinase-positive 
(TK+) recombinant WR vaccinia virus strain (WRvFire). The virus was inoculated in 5 weeks 
old female BALB/c mice, a set of which were immunized against vaccinia virus prior study 
with Dryvax (a freeze-dried calf lymph smallpox vaccine). Other sets of mice were pretreated 
with five different doses of intravenous vaccinia virus immunoglobulin G (VIGIV). Control 
mice were not immunized. The infected mice were imaged daily on days 1-10 postinfection 
using CCD camera in dorsal and ventral positions 10 to 15 minutes after intraperitoneal 
injection with 150 µg/g body weight of D-luciferin potassium salt. For each studied organ a 
region of interest was created and used throughout the study in order to attain quantitative 
bioluminescence data. In vitro luciferase assay of extracted organs was used afterwards to 
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correlate the levels of recorded bioluminescence in live animals with viral loads measured in 
organs. 
The results of this study illustrated BLI’s ability to provide accurate evaluation of viral 
luciferase expression in individual organs, based on correlation between bioimaging and 
traditional ex vivo PFU (plaque-forming unit) assays. BLI showed similar dynamic range and 
sensitivity as ex vivo viral load measurements, which lead to the conclusion that BLI could be 
utilized for studying and predicting survival after vaccination or antimicrobial therapies. All 
the unimmunized control mice died of viral challenge whereas all the Dryvax-vaccinated 
mice and most of the VIGIV-treated mice survived. Unimmunized mice showed constantly 
increasing levels of bioluminescence in areas of viral infection whereas immunized mice 
showed rapidly decreasing luminescence which eventually disappeared completely as the 
viral infection was suppressed. Immunization by Dryvax-vaccination correlated with the 
absence of bioluminescence, i.e. absence of viral load, in the internal organs and with 
significantly lower bioluminescence in the respiratory system. Bioimaging data from partially 
protected VIGIV-treated mice showed a significant difference in mean levels of total 
bioluminescence in surviving and non-surviving mice. The results illustrated that VIGIV-
pretreatments did not provide complete control of virus replication in the respiratory tract 
nor prevent viral dissemination to the internal organs. There was, however, a clear overlap 
of bioluminescence levels between surviving and non-surviving animals, demonstrated by 
surviving specimens with higher levels of bioluminescence and mice with low signal levels 
that died. This overlap prevented the use of direct comparison of bioluminescence levels to 
predict survival or lethality. Different prediction models were constructed based on 
luminescence data, the best allowing accurate prediction of lethality during the first five 
days after infection. The predictive power of bioimaging was compared to that of weight loss 
(either 25% or 30%) and bioimaging was confirmed to be more accurate and earlier 
predictor of lethality in RWvFire viral challenge model (Zaitseva et al., 2009). 
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2.2.4 Cancer models incorporating BLI capabilities 
 
Luciferase-tagged cells have been used extensively for preclinical cancer models. FLuc-
expressing xenograft tumors can be detected by BLI immediately after implantation. This is 
normally weeks before the tumors could be visually detected for caliper measurements. 
Constitutively expressed luciferase causes light emission to be proportional to the tumor cell 
burden, also the photon emission increases along with the multiplying cell population 
(Madero-Visbal et al., 2012; Paroo et al., 2004). Implanted cancer cells may be transfected or 
transduced in vitro to express luciferase prior to implantation in the model animal. 
Xenografted tumor models offer several advantages such as several available cancer cell 
lines, grafting onto specific site of the animal or several animals on the same day and 
reproducible tumor growth on different animals. Presently human cancer cell lines are 
typically used as xenografts in immunodeficient mice, which brings two prominent problems. 
The first one is that the immune system plays a critical role in cancer development, but the 
immune system of these mice is not working normally. The second problem arises from 
species specificities, which may be important in cancer development as well. In addition, 
xenograft models are derived from single cancer cell lines, which severely limits their 
capability to represent the heterogenic nature of several cancer types (Mollard et al., 2011). 
Put simply, the grafted tumor is not in its native milieu. This renders xenograft models 
unable to accurately reflect the natural development and behavior of tumors. 
On the other hand, transgenic cancer models have the advantage of representing 
spontaneous tumors in their native environment, but their imaging has been problematic. 
Fortunately, luciferase gene expression may be introduced through the germline to create 
transgenic tumor models exhibiting bioluminescence, one of which is discussed below. 
EXAMPLE STUDY OF CANCER MODELS INCORPORATING BLI CAPABILITIES 
 
Use of the ODD-Luciferase Transgene for the Non-invasive imaging of Spontaneous Tumors 
A mutant mouse strain (MMTV-neu/ODD-luc/Beclin 1) predisposed to the development of 
mammary gland cancer tumors and expressing luciferase reporter gene fused to oxygen-
dependent degradation (ODD) domain of the Hypoxia Inducible Factor 1-α (HIF1-α) was 
23 
 
created for noninvasive bioluminescent imaging of spontaneous mammary tumors in mice. 
HIF1-α is expressed universally in these mice, but in normoxic conditions it is rapidly poly-
ubiquitinated marking it for proteosomal degradation. Therefore the fused luciferase (ODD-
FLuc) is also degraded soon after translation and the amount of luciferase in cells at normal 
oxygen concentration is relatively low. However, during hypoxic stress the rate of 
degradation of ODD-Luc is decreased, leading to cellular accumulation of the bioluminescent 
reporter. In solid tumor tissue where the vascular system is generally deficient, the tumor 
cells experience constant hypoxia and express relatively large amounts of ODD-FLuc. 
The results showed significantly higher bioluminescent signals from solid tumors compared 
to background tissue luminescence. The tumoral pattern of bioluminescence consisted of 
high signal intensity at peripheral regions and low intensity at central tumor mass. The 
intensity varied between tumors and also within tumors at different time points. However, 
the pattern and outline of the high-intensity signals from peripheral regions correlated 
consistently with visible tumor boundaries. The low intensity in the central tumor mass was 
found to be caused by necrotic tissue, where ODD-FLuc expression was very low due to the 
lack of viable cells, but also by poor vascular supply, which limits the delivery of luciferin to 
the center region of a tumor.  
The heterogenic nature of tumors, cycling hypoxia and necrotic tissue all contributed to the 
finding that tumor radiance remained surprisingly constant despite significant tumor growth. 
However, the bioluminescence signal contour provided accurate images of tumor 
boundaries, which correlated well with tumor size. The ability of BLI to track tumor 
regression during drug treatment was also tested and tumor volume measured by 
bioluminescence signal contour proved to correlate with the results gained by manual 
caliper measurements. This hypoxia-induced BLI method was also capable of detecting 
tumors at least several weeks before the tumors were palpable. 
In summary, the system allowed longitudinal tracking of tumor growth and development 
over several weeks. In addition, changes in tumor size following chemotherapeutic 
treatment were observable. As tumor tissue generally suffers from relative hypoxia 
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compared to surrounding normal tissue, the hypoxia-induced luciferase expression provides 
a universal imaging method for cancer models (Goldman et al., 2011). 
 
2.2.5 Bioluminescence tomography 
 
Imaging bioluminescence to gain three-dimensional images of the organ or region of 
interest, also known as bioluminescence tomography (BLT), is a new and rapidly developing 
method of bioluminescent imaging. The two-dimensional nature of BLI and its inability to 
provide absolute quantification have been the main limitations of bioluminescent imaging. 
Bioluminescence tomography measures the 360° field-of-view bioluminescence data at the 
animal surface, which is converted to three-dimensional geometry of the object and 
quantitative spatial distribution of bioluminescence signals by a reconstruction algorithm. 
The quantitative accuracy of BLT varies greatly with tissue optical properties and degrades 
especially when imaging small bioluminescent targets. To overcome the inaccuracy caused 
by tissue optical properties, which may vary greatly from animal to animal, a multi-modality 
approach of combining BLT with diffuse optical tomography (DOT) was developed. 
Combined DOT/BLT produced significantly enhanced quantitative accuracy by acquiring the 
distribution of optical properties by DOT and using this data to reconstruct the BLT data 
(Zhang et al., 2008). Subsequently, other imaging methods, such as X-ray computed 
tomography (CT) and magnetic resonance imaging (MRI), have been combined with BLT for a 
multispectral method to gain more accurate BLT data (Klose et al., 2010). 
EXAMPLE STUDY OF TOMOGRAPHIC BIOLUMINESCENCE IMAGING 
Monitoring of tumor progression using bioluminescence imaging and computed 
tomography scanning in a nude mouse orthotopic model of human small cell lung cancer 
Transgenic luciferase expressing human small cell lung carcinoma (SCLC) tumor cells (NCI-
H209 cell line) were introduced to 6-week-old male BALB/c nude mice main bronchus. 
Tumor growth was monitored by BLI every 2 weeks, starting at week 3 after tumor 
implantation until week 11. Additionally, BLT and CT scanning were used to document tumor 
location and measurements. This data was confirmed by histological analyses. 
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Results showed good correlation between bioluminescence signal and tumor volume 
measured by CT. The combined BLT/CT tomography data provided accurate data on the 
location and measurements of SCLC tumors. BLI was able to provide highly sensitive and 
quantitative assessment of tumor growth. CT confirmed the good correlation of 
bioluminescence activity and tumor volume, demonstrating the reliability and sensitivity of 
BLI. In conclusion, BLI and BLT in combination with high resolution measurement of tumor 
volume with CT and histological analyses proved to be an effective model for cancer biology 
studies and testing the efficacy of new treatment agents (Iochmann et al., 2012). 
 
2.2.6 Luciferase complementation imaging 
 
Luciferase complementation imaging (LCI) is an application of protein complementation 
assay (PCA), and has proven to be a robust and widely applicable method to image protein-
protein interactions in vivo. In the basic form of this assay the genes coding for the two 
studied proteins are engineered to express fusion proteins, which have either C- or N-
terminal fragment of luciferase (N-FLuc and C-Luc, respectively) fused to the studied protein. 
The folding of functional luciferase from its fragments is catalyzed by the binding of the 
studied proteins as they interact with each other. The free energy contribution of luciferase 
fragment folding has been suggested to be effectively non-existent, which indicates that the 
interaction of the associated studied proteins is the dominating factor in the formation of 
protein-protein complex, i.e. the fragments do not facilitate the binding process (Michnick, 
2001). Furthermore, the luciferase fragments used for LCI are designed to be unable to 
reassemble into functional luciferase spontaneously or do so at a very low level, thus 
significant luciferase activity is possible only when the studied proteins are interacting with 
each other (Luker et al., 2004). The bioluminescent signal acquired by LCI is finally used to 
locate the interacting proteins in tissue and cell samples. 
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EXAMPLE STUDY OF LUCIFERASE COMPLEMENTATION IMAGING 
A split luciferase complementation assay for studying in vivo protein-protein interactions 
in filamentous ascomycetes 
Fibrous ascomycetous fungal strains including Gibberella zeae and Cochliobus 
heterostrophus, which cause devastating diseases in several economically important cereal 
plants, were transformed with plasmids containing genes coding for fusion proteins N-Luc-
MCM1G and C-Luc-FST12H. Positive controls were strains transformed with a plasmid 
containing full-length sequence of FLuc gene under the control of Crp promoter from 
Cryphonectria parasitica, negative controls included strains containing single empty vector, a 
single fused gene, or the single fused gene along with the corresponding empty vector. 
Luciferase activities recorded from negative controls were at the background level, similar to 
wild-type strains containing no vector. Additionally the strains carrying and co-expressing 
both two unfused split luciferase fragments on empty vectors showed similar luciferase 
activity levels to other negative controls. These results suggested that the luciferase 
fragments were unable to produce bioluminescence by themselves and the spontaneous 
assembly of luciferase by the two fragments without their fusion partners, MGM1G and 
FST12H, was impossible. 
Fungal transformants co-expressing the two fusion proteins N-Luc-MCM1G and C-Luc-
FST12H exhibited 60- to 130-fold increased luciferase activities compared to negative 
controls. This result demonstrated interaction between MCM1G and FST12 in G. zeae. 
Additionally, the results indicated that interactions between proteins that do not naturally 
come into contact with each other are non-detectable using the split luciferase assay (Kim et 
al., 2012). 
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2.2.7 Bioluminescence resonance energy transfer 
 
Bioluminescence resonance energy transfer (BRET) is another approach for visualizing 
protein-protein interactions but can also be applied to study several other physiological 
processes, such as formation of second messengers, protein trafficking and protein kinase 
activity. It is based on technique called resonance energy transfer (RET) but instead of two 
fluorescent dyes (for example GFP and yellow fluorescent protein (YFP)) used in fluorescence 
resonance energy transfer (FRET), BRET utilizes excited luminescent enzyme-substrate 
complex as energy donor and a fluorescent dye as an acceptor. The non-radiative energy 
transfer between the luminescent donor and fluorescent acceptor results in detectable 
fluorescence emission if the distance between the two is less than 100 Å, i.e. when the 
studied proteins fused to each of the reporters are interacting with each other. In contrast to 
FRET, which requires external excitation signal, BRET does not depend on external 
illumination, thus producing high signal-to-noise ratio (Salahpour et al., 2012). In addition, 
BRET is superior for cells exhibiting autofluorescence upon external illumination used to 
excitate the FRET system. The emission spectrum of firefly luciferase limits the possible 
resonance energy acceptors to those that have overlapping excitation spectra, such as 
Discosoma red fluorescent protein (RFP) DsRed. For example, this limitation excludes 
Aequorea GFP and its variants as BRET acceptors with firefly luciferase, whereas these 
fluorescent dyes are usable if the BRET donor is Renilla luciferase (Arai et al., 2002). 
EXAMPLE STUDY OF BIOLUMINESCENCE RESONANCE ENERGY TRANSFER 
Sequential bioluminescence resonance energy transfer–fluorescence resonance energy 
transfer-based ratiometric protease assays with fusion proteins of firefly luciferase and red 
fluorescent protein 
A fusion protein construct containing mutant firefly luciferase linked with a protease-specific 
decapeptide to a RFP labeled with near-infrared (nIR) fluorescent dye was created for a 
ratiometric assay of intracellular protease activities by sequential bioluminescence and 
fluorescence energy transfer, termed SRET. Following substrate administration, the 
luciferase resonated with and excites the RFP (BRET-step), which in turn excited the nIR 
fluorescent dye and causes the subsequent fluorescence (FRET-step). The wavelength of the 
28 
 
emission peaks of FLuc and nIR-dye differed by over 140 nm separating them clearly from 
one another and decreasing their spectral overlap to a very low level. SRET ratios for the 
fusion proteins were calculated from emission spectra by dividing the intensity of the 
residual bioluminescence peak at 560 nm by the intensity of the nIR dye emission peak at 
705 nm. The decapeptides linking FLuc to RFP were designed to be proteolytically cleaved by 
proteases thrombin, caspace 3 and factor Xa, causing decrease in fluorescent signal and 
increasing luminescent signal as the fusion protein constructs were cleaved. The rate of 
cleavage, corresponding to enzyme activity, was gained by measuring the change in SRET 
ratio (560 nm/705 nm) for each fusion protein substrate in the presence of their respective 
proteases. 
The results illustrated that SRET principle can be used to ratiometrically monitor enzyme 
activity. Ratiometric probes, such as the fusion proteins described here, produce two distinct 
signals in the absence and presence of analyte (in this case, proteases). This grants several 
advantages for enzyme assays, for example ratiometric probes allow working without the 
need to accurately measure substrate concentrations or to use saturating probe 
concentrations. In conjunction with BLI systems ratiometric probes eliminate the need to 
make absolute light intensity measurements, simplifying greatly the comparison of results. 
The produced substrate-probes shared excellent FRET efficiencies, modest BRET ratios and 
similar SRET maxima with only minor peak ratio variations characterizing the different 
constructs. Light emission kinetics was identical between the substrates. As anticipated, the 
bioluminescence peak increased and SRET peak decreased over time in the presence of 
protease. After exhaustive protease treatment the long wavelength SRET peak was 
completely eliminated. Rates of cleavage and luminescence peak ratio changes were linear 
with respect to enzyme concentration over similar concentration ranges. Endpoint analysis 
by scanning fluorometer produced similar results with 560:705 nm peak ratio changes, but 
SRET turned out to be more sensitive illustrated by 5- to 10-fold lower detectable enzyme 
concentrations. 
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In summary, FLuc-based sequential BRET-FRET energy transfer process proved to be a 
sensitive and specific tool for ratiometric assays of protease activity. With this methodology, 
it may also be possible to monitor protease activity in biological fluids. The distance between 
FLuc and RFP caused by the protease-specific linker limits the BRET ratio, but the high FRET 
efficiency between RFP and nIR fluorescent dye counterbalances this (Branchini et al., 2011). 
 
2.2.8 Dual-luciferase reporter assay 
 
Dual-luciferase reporter (DLR) assay employs two different luciferase enzymes, typically 
firefly and Renilla luciferases. The two-enzyme approach provides a convenient way to 
normalize the activity of the first luciferase, typically FLuc, corresponding to the changes in 
target gene’s expression by using the activity of the second, stably expressed luciferase, 
usually RLuc, as the reference level. Normalization can help discriminating between specific 
and nonspecific cellular responses, especially in cases of downregulation of genetic 
elements, which is difficult when using only a single reporter enzyme. The detection of 
luciferase activities is conducted sequentially from the same sample and FLuc is quenched by 
addition of a specific FLuc inhibitor before detecting the activity of RLuc. DLR assays are 
applicable for both in vivo and in vitro studies (Sherf et al., 1996; Promega Corporation, 
2012). 
EXAMPLE STUDY UTILIZING DUAL-LUCIFERASE REPORTER SYSTEM 
Increased expression of the homologue of enhancer-of-split 1 protects neurons from beta 
amyloid neurotoxicity and hints at an alternative role for transforming growth factor beta1 
as a neuroprotector 
The study was focused on regulation and effects of homologue of Enhancer-of-split 1 Hes1 
under the influence of neuronal β-amyloid (Aβ). Expression of Hes1 is upregulated by active 
nuclear factor κB (NF-κB), whereas downregulation is achieved through the activity of 
unphosphorylated NF-κB inhibitor α (I-κBα).  Aβ induces inactivation of NF-κB and 
subsequent downregulation of Hes1 via antagonism of nerve growth factor (NGF) signaling, 
which results in increased amount of unphosphorylated I-κBα. Downregulation of Hes1 in 
turn leads to loss of gamma-aminobutyric acid (GABA)-ergic connectivity in neurons. In this 
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study Hes1 activity was promoted in hippocampal neurons by overexpression of Hes1-
containing plasmid or through NF-κB induced upregulation by activating NF-κB with different 
approaches. NF-κB activation was monitored by DLR assay. 
The DLR system was constructed by co-transfecting the hippocampal neuronal cells with a 
plasmid containing five tandem repeats of the κB enhancer element upstream of the coding 
sequence of FLuc, and a second plasmid containing Renilla-luciferase as a transfection 
control used for normalizing the DLR assays. The luminescent reporter gene assay revealed 
that TGFβ1 more than doubled the activity of NF-κB in neurons. The assay also showed a 
slight but significant decrease in NF-κB activity caused by Aβ, which was, however, unable to 
counter the TGFβ1-induced activation of NF-κB. According to these results, Hes1 mRNA 
expression levels were increased by TGFβ1, whereas Aβ reduced Hes1 expression 
significantly. 
Overall, Hes1 overexpression was observed to lengthen the primary dendrites of 
hippocampal neurons while decreasing their number. Hes1 also enhanced the GABA-
connectivity of neuronal cells and counteracted the studied mechanisms by which Aβ 
conveys its effects, effectively protecting neurons from Aβ neurotoxicity (Chacón & 
Rodríguez-Tébar, 2012). 
 
2.3 Summary 
 
The main limitations of FLuc-based BLI are caused by its inherent low resolution, 
requirement for genetically encoded luciferase, substrate administration to enable light 
emission, and the light signal attenuation by overlaying tissues. The greatest advantages of 
BLI are that it is non-invasive and has high sensitivity, owing to the fact that virtually only 
cells and tissues expressing luciferase are able to produce bioluminescence. Other favorable 
factors include low cost equipment, high throughput, short acquisition times, minimal 
required image post-processing and general ease of use. These characteristics have made BLI 
widely applied for multiple fields requiring non-invasive and rapid measurements. Modern 
BLI applications are widely varied including the development of cancer models, assessment 
of therapeutic efficacy, detection of location and volume of tumors, monitoring cell signaling 
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and protein-protein interactions and visualization of critical cellular and tumoral processes. 
Multimodal approaches utilizing BLI in conjunction with other imaging methods have proven 
to be effective and can provide improved resolution while retaining the high sensitivity of 
BLI. 
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3. AIM OF STUDY 
 
The aim of this study is to describe the properties, synthesis and inhibition ability of novel 
firefly luciferase inhibitors, discovered by the Pansteroid Group on earlier studies targeting 
novel androgen receptor modulators (Poutiainen et al., 2012). Four novel inhibitor 
analogues were synthesized and tested. The effects of four short peptides covalently 
conjugated to a known inhibitor compound were also studied. Luciferase inhibition was 
tested on recombinant luciferase and cytosolic luciferase at three separate time points. In 
addition to assessing different inhibitor analogs, the goal was to gain a rough evaluation of 
the possibilities of peptide conjugated inhibitors as tools to study bioactive peptides, for 
instance cell penetrating peptides (CPPs). 
Bioactive peptides can be used either by themselves as therapeutic agents or as carriers 
facilitating cellular internalization of cargo molecules. It is also possible to utilize FLuc-based 
bioluminescence imaging to study these peptides. One method to accomplish this is 
conjugating the substrate luciferin to study the cellular uptake kinetics of CPPs (Eiriksdottir 
et al., 2010). On the other hand, conjugating luciferase inhibitors to such peptides would 
allow simple and efficient in vitro luminometric measurements to assess the peptides’ ability 
to permeate the cell membrane and identify if the peptides bind to the membrane. This 
thesis studies covalent linkage of FLuc inhibitors to peptides as a possible tool for assays 
concerning cellular internalization of peptides. 
 
4. MATERIALS AND METHODS 
 
All reagents and solvents were purchased from Sigma-Aldrich, J.T. Baker, Merck, Rathburn, 
VWR or Promega. Syntheses were monitored and purified by thin layer chromatography 
(TLC) with 0.25 mm silica gel aluminum sheets (Merck) and 2.0 mm silica gel glass plates 
(Macherey-Nagel) containing fluorescent UV254 indicator. Visualization was obtained using a 
UV lamp operating at 254/366 nm. 1H and 13C NMR spectra were recorded on a Bruker Avance 
500 spectrometer operating at 500.13 and 125.77 MHz, respectively. All J coupling constants 
are given in Hz. Chemical shifts are reported downfield in parts per million from TMS. HPLC-
33 
 
• 
purifications and chiral separations for the inhibitor compounds were performed on a 
Shimadzu LC-10AT chromatography system using a Regis Technologies (R,R)-Whelk-O 2 (10 
mm x 25 cm i.d.) column in n-hexane/i-PrOH/AcOH at flow rate 5 mL/min and the 
compounds were detected by UV absorption at 254 nm and 280 nm. Analytical HPLC of 
peptides and their conjugates were carried out on Shimadzu LC-10AT analytical HPLC system 
using Phenomenex Jupiter C18 5µ 300A (4.6 mm x 15 cm i.d.) column and purification of 
peptides and their conjugates using Phenomenex Jupiter C18 10µ 300A (10 mm x 250 mm 
i.d.) column, detection at 220 nm and 280 nm. Mass spectra were recorded on positive 
electrospray ionization time of flight (ESI-TOF) mode on an Applied Biosystems/MDS Sciex 
QSTAR XL spectrometer.  
 
4.1 Synthesis of FLuc inhibitors, peptides and inhibitor-peptide 
conjugates 
 
4.1.1 1: 4-methoxybenzaldoxime 
 
Scheme 1: 4-methoxybenzaldehyde reacts with hydroxylammonium hydrochloride to yield 4-
methoxybenzaldoxime 
4-methoxybenzaldehyde (44 mmol) was dissolved in 99% EtOH (170 mL) and cooled on ice 
to ca. 0 °C. Hydroxylammonium hydrochloride (140 mmol) was dissolved in 99% EtOH (86 
mL) and mixed with NaOH (67 mmol) dissolved in water, after this the pH of the alkaline 
solution was neutralized (pH 7) using HCl (2 M). The resulting neutral solution was added to 
the cooled 4-methoxybenzaldehyde solution on ice and the mixture was stirred for 2 hours 
at room temperature. EtOH was evaporated by rotary evaporation and the product dissolved 
into DCM (100 mL). The product was washed thrice with deionized water, dried with 
magnesium sulfate and evaporated to yield compound 1. 
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4.1.2 2: 5-benzyl-3-(4-methoxyphenyl)-4,5-dihydroisoxazole 
 
 
Scheme 2: Cycloaddition of allyl benzene to 4-methoxybenzaldoxime formed 5-benzyl-3-(4-
methoxyphenyl)-4,5-dihydroisoxazole. 
4-methoxybenzaldoxime (20 mmol) was dissolved in DCM (101 mL). Allyl benzene (35 mmol) 
was added and the mixture cooled to 0 – 5 °C using a bath of EtOH and cooled with liquid 
nitrogen. Pyridine (2.5 mmol) was added in the mixture and sodium hypochlorite (5 %, 62 
mL) was added dropwise during 30 minutes. The reaction was kept at 0 – 5 °C for 1.5 hours 
before the temperature was allowed to rise to room temperature. Phases were separated 
and the aqueous phase was washed twice with DCM. DCM phases were combined and 
washed thrice with HCl (2 M), thrice with saturated NaHCO3 and once with deionized water. 
The resulting solution was dried with magnesium sulfate and evaporated to yield compound 
2. 
 
4.1.3 3: 4-(5-benzyl-4,5-dihydroisoxazol-3-yl)phenol 
 
Scheme 3: Demethylation of 5-benzyl-3-(4-methoxyphenyl)-4,5-dihydroisoxazole formed 4-(5-benzyl-
4,5-dihydroisoxazol-3-yl)phenol. 
5-benzyl-3-(4-methoxyphenyl)-4,5-dihydroisoxazole (4 mmol) was dissolved in dry DCM (4 
mL). BBr3 (6 mmol) was added dropwise and the mixture was stirred overnight at room 
temperature. The reaction produced two phases: a spongy paste and a liquid phase. The 
solid phase contained the product with little impurities while most of the impurities and a 
small amount of the product were in the liquid phase. The liquid phase was washed thrice 
with water, dried, evaporated and extracted thrice with a mixture of acetone (1 mL) and 
hexane (2-3 mL) under sonication. The product was purified by TLC with 7:3 DCM-acetone 
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solution as an eluent. The solid phase was extracted with hexane (2-3 mL) under sonication 
to remove any impurities to yield compound 3. 
 
4.1.4 Addition and deprotection of linker side chains 
 
Side chain addition reactions were conducted under argon atmosphere in the presence of 
K2CO3. 4-(5-benzyl-4,5-dihydroisoxazol-3-yl)phenol (3 mmol), appropriate side chain (4.5 
mmol) and K2CO3 (6 mmol) were refluxed in anhydrous acetone (10.5 mL) overnight. After 
reaction the solution was cooled to room temperature and 20 mL of DCM added. The 
solution was then filtrated and evaporated to dryness to yield compounds 4-8, illustrated in 
Scheme 4. The crude products were purified by TLC using 5:2 hexane-ethyl acetate + 2% 
MeOH solution as an eluent. 
 
Scheme 4: Addition of side chains yielded 4,5-dihydroisoxazole compounds 4-8. 
Compounds 4-7 which contained alkyl side chains with terminal ester functional group (1 
mmol) were hydrolyzed using LiOH (1.5 mmol) in 2:3 water-methanol solution (30 mL) on 
stirring overnight at 55 °C. The reaction solution was concentrated and extracted with 
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diethyl ether. Aqueous phase was made acidic (pH<1) using 2 M HCl and extracted thrice 
with ethyl acetate. Ethyl acetate phases were combined, washed with brine, dried and 
evaporated. Crude products were purified by TLC using 5:2 hexane-ethyl acetate + 2% MeOH 
solution as an eluent to yield compounds 9-12. 
Compound 8 containing diether side chain with terminal alcohol functional group (0.16 
mmol) was dissolved in acetone (0.82 mL) and oxidized into carboxylic acid via Jones 
oxidation. The acetone solution was added in drops into chrome trioxide (0,62 mmol) 
dissolved in sulphuric acid (1.5 M, 1 mL) on ice. The reaction was carried out overnight at 
room temperature. Inorganic salts were separated with vacuum filtration and the solution 
was concentrated using rotary evaporation. Solution was extracted thrice with DCM and the 
organic phases were combined, dried and evaporated to yield compound 13. Crude product 
was purified by TLC using 5:2 hexane-ethyl acetate + 2% MeOH solution as an eluent. 
Resulting carboxylic acid inhibitor compounds 9-13 are depicted in Scheme 5. The 
compounds (20 mg) were purified by enantioselective HPLC and dissolved in ethanol for 
storage and testing. 
 
Scheme 5: Synthesized luciferase inhibitor compounds 9-13. Compound 12 was used in subsequent 
peptide-conjugation. 
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4.1.5 Peptide conjugation 
 
Peptides, bound to RINK-resin (60 mg), were put in a PD-10 tube and expanded in DMF (3 
mL) for 15 minutes. Kaiser test was conducted in order to ascertain that the peptides had 
free amino groups for linkage and, if not the Fmoc guard group was to be removed with 20 
% piperidine. 1 mL of HBTU (0.1 M), DIPEA (0.1 M) and compound 12 (0.1 M) were mixed 
and pre-incubated for 5 minutes. The solution was added on the resin and mixed for 60 
minutes to conjugate inhibitor to the peptide. HBTU/DIPEA/compound 12 –treatment was 
repeated overnight. The resin was washed thrice with DMF and once with DCM. Kaiser test 
was repeated and, if positive, HBTU/DIPEA/ compound 12 –treatment would have been 
repeated. 
The resin was washed thrice with methanol and dried. Reaction tube was covered from light. 
Cleavage solution (2 mL, 95% TFA, 3% EDT, 1% TIS, 1% H2O) was added on the resin and 
incubated for 2 hours at room temperature with stirring. The peptide-containing TFA 
solution was drained into a tube containing cold diethyl ether (11 mL) to precipitate the 
peptide. The tube was centrifuged for 8 minutes at 1500 rpm and +4 °C after which ether 
was removed off the precipitate. More ether was added (10 mL), tube was mixed and 
centrifuged and ether removed as above. Peptide precipitate was dissolved in water and 
freeze-dried. Dry peptides were weighed and purified by HPLC. The acquired fractions were 
freeze-dried and analyzed on mass spectrometer in order to recognize the peptides and 
conjugated inhibitor-peptide compounds. Pure peptides and conjugates were dissolved in 
DMSO for storage and testing. 
 
4.2 Luciferase inhibition and cell viability assays 
 
Luciferase inhibition experiments were carried out in two phases. First the inhibitor 
compounds and peptide conjugates were tested on recombinant firefly luciferase produced 
in Escherichia coli. After this the compounds and peptide conjugates were tested on living 
glioblastoma cells of U87FLuc cell line, which express firefly luciferase. All inhibition and cell 
survival assays were performed twice separately to validate the results. 
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Dilution series of the compounds were created into reporter lysis buffer in concentrations 
ranging from 1*10-3 to 1*10-7 M. This stock dilution series was used to create expanded 
series for the luciferase inhibition measurements which resulted in final concentrations on 
plate to be 1*10-5 – 1*10-9 M. The series contained three parallel samples for each 
compound and concentration. Samples were added to luciferase solution (0.1 µg/ml, 
Promega recombinant luciferin, extracted from E. coli), 10 µl of these samples was applied 
on 96 well plate and incubated for 30 minutes at room temperature. Luciferase assay 
substrate (30 µl, Promega Luciferase Assay Substrate) was added in the wells immediately 
prior to measuring luminescence on Thermo Labsystems Fluoroskan/Luminoskan Ascent FL 
fluorometer on luminometric mode.  
For cellular luciferase measurements the compounds were diluted in PBS instead of Reporter 
Lysis Buffer. The U87 cells were divided on 96 well plates in titer of 40000 cells/well in 200 
µL medium (Eagle Minimum Essential Medium, 10% FBS, 1% L-Glut, 1% 
Streptomycin/Penicillin). The plates were incubated overnight before adding the inhibitor 
compounds and peptide conjugates (2 µL per well, final concentrations on plate 10-5 – 10-7 
mol/L) on the cells after which the plates were incubated for a time depending on the 
desired duration of treatment (2, 6 and 24 hours). Before measuring luminescence, medium 
was drained off the cells which were washed with PBS and then 50 µL of PBS was added per 
well. Luciferin (30 µL per well, Promega Luciferin Assay Substrate) was added immediately 
prior to measuring bioluminescence on Thermo Labsystems Fluoroskan/Luminoskan Ascent 
FL fluorometer on luminometric mode. 
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Relative luciferase activities were calculated with the following equation: 
Equation 1:  
 
where the background luminescence was calculated as a mean luminescence of negative 
control wells. 
After measuring bioluminescence of treated U87 cells, the cell toxicity of compounds and 
conjugates was assayed by propidium iodide cell viability assay. The wells were drained and 
50 µL PBS was added. To measure the amount of living cells, extracellular DNA was labeled 
by adding propidium iodide (2 µl/well; 1.25 mM) and incubated for 20 minutes at room 
temperature under tin foil. Fluorescence emission (F1) was measured at 620 nm with 
excitation at 540 nm. The cells were killed by adding digitonin (2 µL/well; 4mM; incubated 20 
min at 90 °C) and incubated 20 min at RT with vigorous shaking under tin foil. Fluorescence 
(F2) of total DNA was measured as above and the resulting ratio between extracellular DNA 
in living cells (F1) and total DNA (F2) (Equation 2) was used to gain relative survival ratios 
compared to untreated positive control cells (Equation 3). Blank was 50 µL PBS treated with 
propidium iodide and digitonin as positive control cells (untreated by inhibitor) and inhibitor 
treated cells. 
Equation 2: 
 
 
Equation 3: 
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5. RESULTS 
 
In this study the aim was to synthesize novel firefly luciferase inhibitors and examine their 
inhibitory function on extracellular recombinant luciferase and cytosolic luciferase expressed 
in transgenic U87FLuc brain tumor cells. The impact on inhibitory function of four different 
peptides conjugated to the inhibitors was also studied to assess the suitability of inhibitor 
compounds and their peptide conjugates for studies involving CPPs and other bioactive 
peptides. 
 
5.1 Synthesis of FLuc inhibitors, peptides and inhibitor-peptide 
conjugates 
 
1: Yield 90 %, pale yellow powder. 2: Yield 90 %, orange powder. 3: Yield 72 %, black paste.  
4: Ethyl-7-(4-(5-Benzyl-4,5-dihydroisoxazol-3-yl)phenoxy)heptanoate: Yield 21 %, dark 
brown oil; 1H NMR (500 MHz, CDCl3) δ 7.52 (m, 2 H), 7.32 (m, 2 H), 7.21-7.28 (m, 3 H), 6.84 
(m, 2 H), 4.95 (m, 1 H), 4.13 (q, 2 H, J = 7.2), 3.40 (t, 2 H, J = 6.9), 3.28 (dd, 1 H, J = 16.2, 10.1), 
3.16 (dd, 1 H, J = 14.1, 5.8), 3.02 (dd, 1 H, J = 16.2, 7.9), 2.88 (dd, 1 H, J = 14.1, 7.2), 2.30 (t, 2 
H, J = 7.6), 1.86 (m, 2 H), 1.64 (m, 2 H), 1.46 (m, 2 H), 1.35 (m, 2 H), 1.26 (t, 3 H, J = 7.2). 
5: Ethyl-6-(4-(5-Benzyl-4,5-dihydroisoxazol-3-yl)phenoxy)hexanoate: Yield 57 %, dark 
brown oil, 1H NMR (500 MHz, CDCl3) δ 7.52 (m, 2 H), 7.28 (m, 2 H), 7.18-7.23 (m, 3 H), 6.84 
(m, 2 H), 4.88 (m, 1 H), 4.10 (q, 2 H, J = 7.1), 3.92 (t, 2 H, J = 6.3), 3.21 (dd, 1 H, J = 16.4, 10.2), 
3.09 (dd, 1 H, J = 13.8, 6.3), 2.96 (dd, 1 H, J = 16.4, 7.9), 2.83 (dd, 1 H, J = 13.8, 6.9), 2.30 (t, 2 
H, J = 7.31), 1.77 (m, 2 H), 1.67 (m, 2 H), 1.47 (m, 2 H), 1.23 (t, 3 H, J = 7.1). 
6: Ethyl-5-(4-(5-Benzyl-4,5-dihydroisoxazol-3-yl)phenoxy)pentanoate: Yield 33 %, dark 
brown paste; 1H NMR (500 MHz, CDCl3) δ 7.54 (m, 2 H), 7.30 (m, 2 H), 7.21-7.25 (m, 3 H), 
6.86 (m, 2 H), 4.92 (m, 1 H), 4.12 (q, 2 H, J = 7.1), 3.97 (m, 2 H), 3.25 (dd, 1 H, J = 16.4, 10.2), 
3.13 (dd, 1 H, J = 13.8, 5.9), 2.99 (dd, 1 H, J = 16.4, 7.8), 2.86 (dd, 1 H, J = 13.8, 7.1), 2.36 (m, 2 
H), 1.81 (m, 4 H), 1.24 (m, 3 H). 
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7: Ethyl-4-(4-(5-Benzyl-4,5-dihydroisoxazol-3-yl)phenoxy)butanoate: Yield 36 %, brown 
paste. 
8: 2-(2-(4-(5-Benzyl-4,5-dihydroisoxazol-3-yl)phenoxy)ethoxy)ethanol: Yield 76 %, dark 
brown paste; 1H NMR (500 MHz, CDCl3) δ 7.51 (m, 2 H), 7.32 (m, 2 H), 7.23-7.26 (m, 3 H), 
6.91 (m, 2 H), 4.95 (m, 1 H), 4.16 (m, 2 H), 3.87 (m, 2 H), 3.76 (m, 2H), 3.67, (m, 2H), 3.28 (dd, 
1 H, J = 16.5, 10.2), 3.16 (dd, 1 H, J = 13.8, 6.2), 3.02 (dd, 1 H, J = 16.5, 7.8), 2.88 (dd, 1 H, J = 
13.9, 7.2). 
9: 7-(4-(5-Benzyl-4,5-dihydroisoxazol-3-yl)phenoxy)heptanoic acid: Yield 66 %; white 
powder, 1H NMR (500 MHz, CDCl3) δ 7.56 (m, 2 H), 7.32 (m, 2 H), 7.26-7.22 (m, 3 H), 6.87 (m, 
2 H), 4.95 (m, 1 H), 3.97 (t, 2 H, J = 6.5), 3.27 (dd, 1 H, J = 16.5, 10.2), 3.16 (dd, 1 H, J = 13.8, 
6.1), 3.03 (dd, 1 H, J = 16.5, 7.8), 2.88 (dd, 1 H, J = 13.8, 7.3), 2.37 (t. 2 H, J = 7.4)m 1.79 (m, 2 
H), 1.68 (m, 2 H), 1.49 (m, 2 H), 1.41 (m, 2 H); 13C NMR (125 MHz, CDCl3) δ 179.2, 160.9, 
156.5, 137.5 (4 s), 129.7, 129.0, 128.5, 127.1 (4 d), 122.5 (s), 115.0, 82.0 (2 d), 68.3, 41.5, 
40.9, 34.1, 29.4, 29.2, 26.1, 25.0 (8 t); melting point 109 °C; HRMS (C23H27NO4) [M]: 
calculated 381.1940, found 381.1945. 
10: 6-(4-(5-Benzyl-4,5-dihydroisoxazol-3-yl)phenoxy)hexanoic acid: Yield 68 %, white 
crystals; 1H NMR (500 MHz, CDCl3) δ 7.56 (m, 2 H), 7.32 (m, 2 H), 7.27-7.23 (m, 3 H), 6.88 (m, 
2 H), 4.95 (m, 1 H), 3.98 (t, 2 H, J = 6.4), 3.27 (dd, 1 H, J = 16.5, 10.1), 3.16 (dd, 1 H, J = 13.8, 
6.1), 3.03 (dd, 1 H, J = 16.5, 7.8), 2.88 (dd, 1 H, J = 13.8, 7.3), 2.40 (t. 2 H, J = 7.4)m 1.82 (m, 2 
H), 1.72 (m, 2 H), 1.55 (m, 2 H); 13C NMR (125 MHz, CDCl3) δ 178.9, 160.9, 156.5, 137.5 (4 s), 
129.8, 129.0, 128.6, 127.1 (4 d), 122.6 (s), 115.0, 82.0 (2 d), 68.1, 41.5, 40.1, 34.1, 29.2, 26.0, 
24.8 (7 t) ; melting point 122 °C; HRMS (C22H25NO4) [M]: calculated 367.1784, found 
367.1784. 
11: 5-(4-(5-Benzyl-4,5-dihydroisoxazol-3-yl)phenoxy)pentanoic acid: Yield 73 %, pale yellow 
powder; 1H NMR (500 MHz, CDCl3) δ 7.56 (m, 2 H), 7.32 (m, 2 H), 7.27-7.23 (m, 3 H), 6.88 (m, 
2 H), 4.95 (m, 1 H), 4.00 (m, 2 H), 3.27 (dd, 1 H, J = 16.4, 10.1), 3.16 (dd, 1 H, J = 13.9, 6.1), 
3.03 (dd, 1 H, J = 16.4, 7.8), 2.88 (dd, 1 H, J = 13.9, 7.3), 2.40 (m, 2 H) 1.90-1.80 (m, 4 H); 13C 
NMR (125 MHz, CDCl3) δ 178.8, 160.8, 156.4, 137.5 (4 s), 129.8, 129.0, 128.6, 127.1 (4 d), 
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122.7 (s), 115.0, 82.0 (2 d), 67.9, 41.5, 40.1, 33.8, 28.9, 21.8 (6 t); melting point 127 °C; HRMS 
(C21H23NO4) [M]: calculated 353.1627, found 353.1640. 
12: 4-(4-(5-Benzyl-4,5-dihydroisoxazol-3-yl)phenoxy)butanoic acid: Yield 86 %, white 
powder. 1H NMR δ 7.56 (m, 2 H), 7.32 (m, 2 H), 7.27-7.21 (m, 3 H), 6.88 (m, 2 H), 4.95 (m, 1 
H), 4.04 (t, 2 H, J = 6.1), 3.27 (dd, 1 H, J = 16.5, 10.2), 3.16 (dd, 1 H, J = 13.9, 6.1), 3.03 (dd, 1 
H, J = 16.5, 7.8), 2.88 (dd, 1 H, J = 13.9, 7.3), 2.59 (t, 2 H, J = 7.2), 2.13 (m, 1 H); 13C NMR δ 
179.1, 160.6, 156.5, 137.4 (4 s), 129.8, 129.0, 128.6, 127.1 (4 d), 122.8 (s), 115.0, 82.0 (2 d), 
67.0, 41.5, 40.1, 30.8, 24.7 (5 t). HRMS (C20H21O4) [M]: calculated 339.1471, found 339.1477. 
13: 2-(2-(4-(5-Benzyl-4,5-dihydroisoxazol-3-yl)phenoxy)ethoxy)acetic acid: Yield 54 %, 
brown wax; 1H NMR (500 MHz, CDCl3) δ 7.58 (m, 2 H), 7.32 (m, 2 H), 7.27-7.23 (m, 3 H), 6.92 
(m, 2 H), 4.96 (m, 1 H), 4.26 (m, 2 H), 4.20 (m, 2 H), 3.98 (m, 2 H), 3.28 (dd, 1 H, J = 16.5, 
10.2), 3.16 (dd, 1 H, J = 13.8, 6.1), 3.03 (dd, 1 H, J = 16.5, 7.8), 2.89 (dd, 1 H, J = 13.8, 7.3), 13C 
NMR (125 MHz, CDCl3) δ 171.5, 159.6, 155.9, 137.0 (4 s), 129.4, 128.6, 128.3, 126.8 (4 d), 
123.0 (s), 114.7, 81.7 (2 d), 70.4, 68.5, 67.3, 41.1, 39.6 (5 t); HRMS (C20H21NO5) [M]: 
calculated 355.1420, found 355.1398. 
Peptide characterization: peptide a, ESI-MS: (m/z) 1267.88 [M+H]+, HPLC: tR = 7.33. Peptide 
a-12 conjugate, ESI-MS: (m/z) 1588.02 [M+H]+, HPLC: tR = 10.38. Peptide b, ESI-MS: (m/z) 
846.44 [M+H]+, HPLC: tR = 9.18. Peptide b-12 conjugate, ESI-MS: (m/z) 1167.59 [M+H]
+, 
HPLC: tR = 13.00. Peptide c, ESI-MS: (m/z) 1080.56 [M+H]
+, HPLC: tR = 9.54. Peptide c-12 
conjugate, ESI-MS: (m/z) 1401.92 [M+H]+, HPLC: tR = 13.08. Peptide d, ESI-MS: (m/z) 903.44 
[M+H]+, HPLC: tR = 8.16. Peptide d-12 conjugate, ESI-MS: (m/z) 1224.57 [M+H]
+, HPLC: tR = 
12.74. 
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5.2 Luciferase inhibition assays 
 
The inhibitory activity of compounds was calculated using the following formula:  
Equation 4: 100 % - Relative luciferase activity % = Inhibition % 
Inhibition percentage in the negative range (<0 %) indicated increased luciferase activity 
relative to untreated cells. 
To summarize the inhibitory activities of the compounds following labels and criteria are 
used in the subsequent sections: ++++ very strong inhibition (i.e. 80-100% inhibition); +++ 
strong inhibition (60-80%); ++ average inhibition (30-60%); + weak inhibition (10-30%); - no 
inhibition or very weak inhibition (<10%); ! enhanced luciferase activity (>20% increased 
relative luciferase activity). 
Student’s T-test was used to analyze the statistical significance of the results. Statistical 
significances are described as: *** p<0.0005; ** p<0.005; * p<0.05. 
 
5.2.1 Recombinant luciferase inhibition 
 
Luciferase inhibition tests were conducted on recombinant firefly luciferase, extracted from 
E. coli, and on U87-FLuc cells expressing firefly luciferase. The results for recombinant 
luciferase inhibition tests are illustrated partly in Figure 3 and collected in Table 1. Figure 3 
shows that the more dilute concentrations of the newly synthesized inhibitor compounds 
produced greatly diminished inhibitor activity. This was the dominant trend in all 
measurements. 10 µM concentrations of compounds 9A, 10A, 11A, 13A and 13B showed 
strong or very strong inhibition, whereas 9B showed average inhibition. 10B and 11B 
expressed weak or no inhibition in 10 µM concentration. 1 µM concentration of 9A, 10A, 
11A and 13A showed weak inhibition, only 13B expressed average inhibition in this 
concentration. In 0.1 µM concentration the only compounds showing over 10% inhibition 
were 9B and 13A. Compounds in 10 and 1 nM concentrations showed extremely weak or no 
inhibition with relatively large standard deviations in the results. Thus these concentrations 
are omitted from further analyses. 
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Figure 3: Recombinant luciferase inhibition after 30 minutes incubation (at RT) with inhibitor 
compounds. 12 after the peptide name indicates conjugation with compound 12. Legend entries 
represent molarities of compounds in samples (from top to bottom: 1 nM, 10 nM, 0.1 µM, 1 µM and 10 
µM). Error bars: standard deviation. Statistical significances: *** p<0.0005; ** p<0.005; * p<0.05. 
Inhibitory effects of all tested inhibitor compounds, peptides and inhibitor-peptide 
conjugates are presented in Table 1.As shown in Figure 3, the inhibitory activity diminished 
greatly in more dilute concentrations. Thus only concentrations 0.1 µM, 1 µM and 10 µM are 
presented. Compound 12A is the active inhibitory enantiomer of the compound, and 
exhibited very strong inhibition at 10 µM or average inhibition at 1 µM concentrations. 12B 
showed remarkably lower inhibitory efficacy, attaining only weak inhibition at 10 µM. 
Peptide a and its inhibitor conjugate both expressed very strong inhibition at 10 µM or 
average inhibition at 1 µM concentrations. 10 µM peptide a-12 conjugate reduced relative 
luciferase activity to 1 %, being the only compound reaching such a strong inhibition. Peptide 
b and its inhibitor conjugate showed virtually no inhibitory activity, conversely exhibiting 
somewhat enhanced luciferase activity. 10 µM peptide c exhibited average inhibitory activity 
whereas its inhibitor conjugate showed only very weak or weak inhibition. Peptide d 
expressed no inhibitory activity alone, but its 10 µM inhibitor conjugate showed strong, 1 
µM average and 0.1 µM weak inhibition. 
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Table 1: Inhibitory activity of synthesized compounds, peptides and conjugates on recombinant 
luciferase. 
Compound  0.1 µM 1 µM 10 µM 
9A 
 
- 
+ 
** 
++++ 
*** 
9B 
 + 
* 
- 
++ 
* 
10A 
 
- 
+ 
* 
+++ 
*** 
10B 
 
- - 
+ 
* 
11A 
 
- 
+ 
* 
+++ 
*** 
11B 
 
 
- - - 
12A 
 
- 
++ 
** 
++++ 
** 
12B 
 
- - 
+ 
 
13A 
 + 
* 
+ 
* 
+++ 
*** 
13B 
 
- 
++ 
** 
++++ 
*** 
Peptide a 
 
- 
+++ 
* 
++++ 
** 
Peptide a-12 
 
- 
+++ 
* 
++++ 
** 
Peptide b 
 
- - 
! 
* 
Peptide 2-12 
 + 
* 
! 
* 
- 
Peptide c 
 
- - 
++ 
*** 
Peptide c-12 
 
 
- + - 
Peptide d 
 
 
- - - 
Peptide d-12 
 + 
* 
++ 
** 
+++ 
*** 
12 after the peptide name indicates conjugation with compound 12. Luciferase was incubated 30 
minutes with compounds. 
 
++++ Very strong inhibition (i.e. 80-100% inhibition); +++ strong inhibition (60-80%); ++ average 
inhibition (30-60%); + weak inhibition (10-30%); - no inhibition or very weak inhibition (<10%); ! 
enhanced luciferase activity (>20% increased relative luciferase activity). Statistical significance: *** 
p<0.0005; ** p<0.005; * p<0.05.  
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5.2.2 Cytosolic luciferase inhibition 
 
The ability to penetrate cell membrane and inhibit cytosolic luciferase was tested on 
U87FLuc cells. Inhibitory activity was assessed after 2, 6 and 24 hours of incubation with 
inhibitor compounds, peptides and inhibitor-peptide conjugates. 
Table 2 illustrates the inhibition of U87FLuc cytosolic luciferase after 2 hour treatment with 
inhibitor compounds, peptides and inhibitor-peptide conjugates. FL295A was known to elicit 
very strong inhibitory efficacy on U87FLuc cells and was used as a reference inhibitor to 
assess the new compounds. FL295 reached 95, 60 and 33 % inhibition in concentrations 10 
µM, 1 µM and 0.1 µM, respectively. 9A showed average and weak inhibition at 10 and 1 µM, 
respectively, whereas 9B inhibited luciferase only weakly at 10 µM.  11A expressed weak 
inhibition at 10 µM. 13A’s inhibitory activity was average at 10 µM and weak at 1 µM. 13B, 
on the other hand, showed average inhibition both in 10 and 1 µM concentration while 
inhibiting weakly at 0.1 µM. Of the two enantiomers of compound 12, 12A inhibited weakly 
in all concentrations whereas 12B showed no inhibition. Peptide a expressed weak inhibition 
in all concentrations, its peptide conjugate showed average inhibition at 10 and 1 µM and 
weak inhibition at 0.1 µM. Peptides b and c had no inhibitory activity, unlike their inhibitor-
conjugates. Peptide b-12 conjugate inhibited luciferase weakly in all concentrations. Peptide 
c-12 expressed average inhibition at 10 µM and weak in the two lower concentrations. 
Peptide d expressed weak inhibition at 10 and 1 µM, however its inhibitor conjugate did not 
show inhibition at 1 or 0.1 µM. 
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Table 2: Cytosolic luciferase inhibition after 2 hour incubation with inhibitor compounds, peptides and 
inhibitor-peptide conjugates. 
Compound  0.1 μM 1 μM 10 μM 
FL295A 
 ++ 
*** 
++ 
*** 
++++ 
*** 
9A 
 
- 
+ 
** 
++ 
*** 
9B 
 
 
- - + 
10A 
 
 
- - - 
10B 
 
 
- - - 
11A 
 
 
- - + 
11B 
 
 
- - - 
12A 
 + 
* 
+ 
* 
+ 
*** 
12B 
 
 
- - - 
13A 
 
- 
+ 
** 
++ 
*** 
13B 
 + 
** 
++ 
** 
++ 
*** 
Peptide a 
 + 
** 
+ 
* 
+ 
*** 
Peptide a-12 
 + 
*** 
++ 
*** 
++ 
*** 
Peptide b 
 
 
- - - 
Peptide b-12 
 + 
** 
+ 
*** 
+ 
*** 
Peptide c 
 
 
- - - 
Peptide c-12 
 + 
** 
+ 
* 
++ 
*** 
Peptide d 
 
- 
+ 
* 
+ 
* 
Peptide d-12 
 
 
- - Not measured 
12 after the peptide name indicates conjugation with compound 12. 
 
++++ Very strong inhibition (i.e. 80-100% inhibition); +++ strong inhibition (60-80%); ++ average 
inhibition (30-60%); + weak inhibition (10-30%); - no inhibition or very weak inhibition (<10%); ! 
enhanced luciferase activity (>20% increased relative luciferase activity). Statistical significance: *** 
p<0.0005; ** p<0.005; * p<0.05. 
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In Table 3 are depicted the effects of inhibitor compounds on U87FLuc cells after six hour 
incubation. Only inhibitor concentrations of 1 and 10 µM were used in this measurement 
and no data is omitted. FL295A inhibited strongly at 10 µM and showed average inhibition at 
1 µM. Compounds 9-11 expressed all weak to average inhibition, the strongest being 9A. 
13A and 13B both showed strong and average inhibition at 10 and 1 µM, respectively. 12A 
had borderline average inhibition, 12B showed only very weak inhibition. Of the peptides 
and conjugates, only peptide a-12 conjugate, peptide b and peptide d inhibited luciferase, 
expressing weak, average and weak inhibition, respectively. 
 
Table 3: Cytosolic luciferase inhibition after 6 hour incubation with inhibitor compounds, peptides and 
inhibitor-peptide conjugates. 
Compound  1 μM 10 μM 
FL295A  
++ 
*** 
++++ 
*** 
9A  + 
++ 
*** 
9B  
+ 
* 
+ 
*** 
10A  - 
+ 
*** 
10B  - 
+ 
** 
11A  - 
++ 
*** 
11B  - 
+ 
** 
12A  Not measured 
+/++ 
*** 
12B 
 
 
Not measured - 
13A  
++ 
*** 
+++ 
*** 
13B  
++ 
*** 
+++ 
*** 
Peptide a 
 
 
Not measured - 
Peptide a-12  Not measured 
+ 
*** 
Peptide b 
 
 
Not measured 
++ 
** 
Peptide b-12 
 
 
Not measured - 
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Peptide c 
 
 
Not measured - 
Peptide c-12 
 
 
Not measured - 
Peptide d  Not measured 
+ 
** 
12 after the peptide name indicates conjugation with compound 12. 
 
++++ Very strong inhibition (80-100% inhibition); +++ strong inhibition (60-80%); ++ average inhibition 
(30-60%); + weak inhibition (10-30%); - no inhibition or very weak inhibition (<10%); ! enhanced 
luciferase activity (>20% increased relative luciferase activity). Statistical significance: *** p<0.0005; ** 
p<0.005; * p<0.05. 
Luciferase inhibition of cytosolic luciferase in U87FLuc cells after 24 hour treatment is shown 
in Table 4. FL295 exhibited yet again strongest inhibition with very strong inhibition at 10 µM 
and average inhibition at lower concentrations. 9A showed no inhibition, conversely 
showing slightly enhanced luciferase activity at 0.1 µM. 9B exhibited weak inhibition in 10 
µM concentration. 13A and 13B demonstrated average inhibition at 10 and 1 µM and weak 
inhibition at 0.1 µM. 12A expressed increased luciferase activity in all concentrations, 12B 
showed similar effect only at 10 µM. Peptide a and its inhibitor conjugate expressed weak 
inhibition while none of the other peptides or inhibitor-peptide conjugates showed notable 
inhibition. 
 
 
Table 4: Cytosolic luciferase inhibition of U87FLuc cells after 24 hour incubation with inhibitor 
compounds, peptides and inhibitor-peptide conjugates. 
Compound  0,1 μM 1 μM 10 μM 
FL295A 
 ++ 
* 
++ 
** 
++++ 
*** 
9A 
 ! 
** 
- - 
9B 
 
- - 
+ 
*** 
10A 
 
 
- - - 
10B 
 
 
- - - 
11A 
 
 
+ - - 
11B 
 
- 
+ 
* 
+ 
* 
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12A 
 ! 
*** 
! 
*** 
! 
*** 
12B 
 
- - 
! 
*** 
13A 
 + 
** 
++ 
** 
++ 
*** 
13B 
 + 
* 
++ 
*** 
++ 
*** 
Peptide a 
 
- 
+ 
* 
+ 
* 
Peptide a-12 
 + 
** 
+ 
*** 
- 
Peptide b 
 
 
- - - 
Peptide b-12 
 
 
- - - 
Peptide c 
 
 
- - - 
Peptide c-12 
 
 
- - - 
Peptide d 
 
 
- - - 
Peptide d-12 
 
 
- - Not measured 
12 after the peptide name indicates conjugation with compound 12. 
 
++++ Very strong inhibition (80-100% inhibition); +++ strong inhibition (60-80%); ++ average inhibition 
(30-60%); + weak inhibition (10-30%); - no inhibition or very weak inhibition (<10%); ! enhanced 
luciferase activity (>20% increased relative luciferase activity). Statistical significance: *** p<0.0005; ** 
p<0.005; * p<0.05. 
Table 5 illustrates the cytosolic luciferase inhibition of 10 µM compounds over time. 
Inhibition by FL295A stayed very strong for the whole time period, weakening only slightly 
by time. Weakening inhibition by time was the general pattern among all compounds. 
Relative luciferase activities measured after 6 hour incubation were slightly lower among all 
samples. Notable abnormalities among the results were the enhanced luciferase activities 
measured from cells incubated 24h with compounds 12A and 12B. 
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Table 5: Cytosolic luciferase inhibition of 10µM compounds at measured time points. 
Compound  2 h 6 h 24 h 
FL295A 
 
 
++++ 
*** 
++++ 
*** 
++++ 
*** 
9A 
 
 
++ 
*** 
++ 
*** 
- 
9B 
 
 
+ 
+ 
*** 
+ 
*** 
10A 
 
 
- 
+ 
*** 
- 
10B 
 
 
- 
+ 
** 
- 
11A 
 
 
+ 
++ 
*** 
- 
11B 
 
 
- 
+ 
** 
+ 
* 
12A 
 
 
+ 
*** 
+ 
*** 
! 
*** 
12B 
 
 
- - 
! 
*** 
13A 
 
 
++ 
*** 
+++ 
*** 
++ 
*** 
13B 
 
 
++ 
*** 
+++ 
*** 
++ 
*** 
Peptide a 
 
 
+ 
*** 
- 
+ 
* 
Peptide a-12 
 
 
++ 
*** 
+ 
*** 
- 
Peptide b 
 
 
- 
++ 
** 
- 
Peptide b-12 
 
 
+ 
*** 
- - 
Peptide c 
 
 
- - - 
Peptide c-12 
 
 
++ 
*** 
- - 
Peptide d 
 
 
+ 
* 
+ 
** 
- 
Peptide d-12 
 
 
Not measured Not measured Not measured 
12 after the peptide name indicates conjugation with compound 12. 
 
++++ Very strong inhibition (80-100% inhibition); +++ strong inhibition (60-80%); ++ average inhibition 
(30-60%); + weak inhibition (10-30%); - no inhibition or very weak inhibition (<10%); ! enhanced 
luciferase activity (>20% increased relative luciferase activity). Statistical significance: *** p<0.0005; ** 
p<0.005; * p<0.05. 
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5.2.3 Cell viability assays 
 
Cell viability was measured to assess the toxicity of inhibitor compounds. Cell survival assays 
were performed on the same cells after measuring their relative luciferase activities. 
 
Figure 4: Cell viability assay after 2 hour treatment with peptides and inhibitor-peptide conjugates. 
Percentage is relative to untreated control cells. Peptide d-12 conjugate at 10 µM concentration was 
not measured, marked by symbol ×. Error bars: standard deviation. 
 
Figure 4 illustrates the results of cell viability assay after 2 hour incubation with peptides and 
inhibitor-peptide conjugates. None of the tested compounds produced significant results 
under 100 % cells alive after incubation when compared to similarly assayed untreated 
control cells of the same cell line. Conversely, all compounds exhibited at least equal, and in 
some cases significantly higher, live cell percentages than in comparison to the control cells. 
Cell viability assay results after six hour treatment with novel inhibitor compounds are 
depicted in Figure 5. All compounds but 9A exhibited cell live percentages roughly equal to 
control cells. 9A caused only 70 % of the cells being alive after 6 hour incubation. 
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Figure 6 illustrates the results of cell viability assay after 24 hour incubation with peptides 
and inhibitor-peptide conjugates. All compounds exhibited similar cell survival percentages 
as untreated control cells. 
 
Figure 6: Cell viability assay after 24 hour treatment with peptides and inhibitor-peptide conjugates. 
Tested concentration was 10 µM except for Peptide d-12, which was tested at 1 µM.  
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6. DISCUSSION 
 
6.1 Synthesis of FLuc inhibitors, peptides and inhibitor-peptide 
conjugates 
 
Organic synthesis was straightforward and only problems encountered were in the side 
chain addition reactions which suffered from low yields caused by humidity. Conjugation of 
inhibitor to peptides succeeded also well, the only problem was very weak solubility of 
peptide d and peptide d-12 conjugate and their subsequent low amounts of purified 
products. 
 
6.2 Luciferase inhibition assays 
 
6.2.1 Recombinant luciferase inhibition 
 
The inhibitory potencies of inhibitor compounds were tested first on recombinant luciferase 
extracted from genetically engineered E. coli bacteria. The results illustrated in Table 1 show 
that notable levels of inhibition were achieved in 10 and 1 µM concentrations. The less 
concentrated dilutions lost most or all of their inhibitory effects. 
Except for 13B, the B enantiomers of inhibitor compounds with the longer retention time in 
the chiral HPLC separation exhibited much lower inhibitory activity than the A enantiomers. 
After two hour incubation, 9B was the strongest of these weaker B enantiomers (30 % 
inhibition), 10B and 11B expressed only very weak or virtually no inhibition (10 % and 3 % 
inhibition, respectively) at 10 µM. 13B, however, displayed very strong inhibition at 10 µM 
and average inhibition at 1 µM. 13B was also special for being the only B enantiomer to 
express stronger inhibition than its counterpart enantiomer 13A. Other very strong 
inhibitors were 12A, and 9A. In addition, 10A, 11A and 13A produced strong inhibition at 10 
µM.  
The unconjugated compounds shared the similar 4,5-dihydroisoxazole core structure and 
differed only in the linker side chain as shown in Scheme 5. The results indicate that the 
chiral conformation of inhibitor is of great importance for the inhibitory efficacy. 9A and 12A 
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both produced very strong inhibition while compounds 10 and 11 were weaker. This 
indicates that the length of the aliphatic linker is not directly related to inhibition efficacy on 
recombinant luciferase. On the other hand, the results of compounds 13 indicate that more 
polar linkers seem to grant better inhibitory potential, although to validate these 
assumptions further tests with linkers of different lengths and polarity need to be 
conducted. 
It should be noted, that the inhibitor conjugated to peptides was a racemic mixture of the 
two enantiomers 12A and 12B. This would mean that, given the conjugated peptide does 
not affect the inhibitory characteristics of the inhibitor molecule in any way, the inhibitor-
peptide conjugate would show inhibitory activity that is roughly average of 12A and 12B in 
given concentration. Of note were the results of peptide-inhibitor conjugate peptide d-12, 
which produced strong inhibition at 10 µM. Unconjugated peptide d did not inhibit 
luciferase, which indicates that the inhibitor conjugated to peptide d was alone responsible 
for inhibition caused by the conjugate and this particular peptide did not significantly hinder 
the inhibitory characteristics of the inhibitor molecule. Peptide b and its conjugate showed 
no reliable inhibition, indicating that the peptide had a negative effect on the inhibitory 
activity of the compound. Interestingly, both peptide a and its conjugate produced strongest 
inhibition of all tested compounds. Peptide a is a strongly cationic peptide and its observed 
very strong inhibition is most probably caused by its ability to bind ATP and therefore inhibit 
the luciferase catalyzed bioluminescent reaction (Hilpert et al., 2010). Peptide a-12, on the 
other hand, exhibited even stronger inhibition than peptide a alone. This could be explained 
by the combined effects of an effective specific luciferase inhibitor and ATP-binding peptide 
a. Peptide c showed average inhibition in 10 µM concentration but its inhibitor conjugate 
produced weaker inhibition. This was most probably caused by error in the sample 
preparation and/or measurement, as peptide c did not show any inhibition in lower 
concentrations. 
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6.2.2 Cytosolic luciferase inhibition 
 
Cytosolic luciferase inhibition was studied on luciferase expressing U87FLuc cells at three 
time points: two, six and 24 hours after adding the inhibitor compounds on the cells. The aim 
of this assay was to monitor the ability of the compounds to permeate the cell membrane 
and the fluctuations of luciferase inhibition over time. Many factors contribute to these 
fluctuations, for example kinetics and mechanism of cellular intake of inhibitors, inhibitors’ 
binding affinity to luciferase, their release of luciferase, and the consequent degradation of 
inhibitor compounds inside the cells. 
 
6.2.3 Two hour treatment 
 
The results for two hour incubation with inhibitor compounds, peptides, and inhibitor-
peptide conjugates depicted in Table 2 show that FL295A, a known effective luciferase 
inhibitor, inhibited luciferase very strongly at 10 µM reaching 95 % inhibition of cytosolic 
luciferase. It retained a notable amount of inhibitory activity in lower concentrations as well, 
exhibiting 60 % and 33 % inhibition at 1 µM and 0.1 µM, respectively. Assuming FL295A did 
not cause widespread cell death and consequently the release of luciferase outside the cells, 
the results indicate that it was able to permeate through the cell membrane and inhibit 
cytosolic luciferase with high efficiency. Most of the novel inhibitors had markedly lower 
inhibitory effects, if at all. Novel compounds showing statistically significant inhibitory 
activity of cytosolic luciferase were compounds 9A, 13A and 13B, all expressing average 
inhibition at 10 µM. Of these compounds 13B showed the most stable inhibition in more 
dilute concentrations. 12A displayed only weak inhibition of cytosolic luciferase.  
These results indicate that while all of the novel inhibitor compounds were able to inhibit 
recombinant luciferase to some degree shortly after introducing them to luciferase, the cell 
membrane proves a blocking barrier against most of them. Only three novel compounds 
displayed the ability to inhibit cytosolic luciferase, i.e. permeate through the cell membrane 
on their own, and even then their inhibitory effect was greatly reduced when compared to 
their inhibition of recombinant luciferase. The simplest explanation for this would be that 
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only part of the total amount of inhibitor molecules was able to permeate through the cell 
membrane during the two hour incubation period. Another reason for reduced luciferase 
inhibition could be the intracellular degradation of inhibitor compounds or challenging 
cellular localization of luciferase, i.e. inside further membranes such as endoplasmic 
reticulum or vesicles. 
The peptides showed similar reduction in luciferase inhibition. Peptide a and its inhibitor 
conjugate showed weak to average inhibition in all tested concentrations, conjugate being 
the stronger inhibitor as was the case on recombinant luciferase. Their inhibition was higher 
than 12A’s, which supports the observation made in conjunction with recombinant 
luciferase inhibition that peptide a itself inhibits the bioluminescent reaction, most probably 
by depleting the level of free ATP. Peptide c did not display inhibition but its inhibitor 
conjugate showed average inhibition at 10 µM and weak inhibition in the lower 
concentrations. A similar case was observed in peptide b and its conjugate though the 
conjugate’s inhibition was weaker than that of peptide c-12 conjugate. Both conjugates 
expressed roughly the same level of inhibition as unconjugated 12A. This, in conjunction 
with observations from recombinant luciferase inhibition tests, implies that the peptide may 
have facilitated cellular internalization of the inhibitor but also hindered its action on 
luciferase, thus negating the benefits of improved cellular intake. The peptides may also 
have decreased the binding affinity and binding velocity of conjugated inhibitors so that they 
could not inhibit recombinant luciferase after 30 minute incubation but could exhibit 
inhibition after longer incubation. For more reliable assessment of the cellular internalization 
effects of peptides on conjugated inhibitors, an inhibitor completely unable to enter the cells 
by itself could be used along with peptides that do not hinder its luciferase inhibition. 
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6.2.4 Six hour treatment 
 
After six hour incubation the novel inhibitor compounds exhibited slightly increased levels of 
inhibition, illustrated in Table 3. Again FL295A exhibited the strongest inhibition in all 
concentrations. Both 13-enantiomers expressed higher inhibition after 6 hour treatment 
when compared to that of 2 hour treatment. The same was the case for the compounds 
previously exhibiting either very weak or no inhibition (9B, 10A and B, 11A and B). This result 
implies that the inhibitor compounds permeate the cell membrane very slowly, in the order 
of several hours. 
Only peptides or inhibitor-peptide conjugates displaying notable luciferase inhibition after 
six hour incubation were peptide a-12 conjugate and peptide b. In contrast with two hour 
treatment, luciferase inhibition by peptide a had reduced by approximately 10 % and the 
inhibition by peptide a-12 was reduced by 20 %. On the other hand, peptide b had not 
shown inhibition after two hour treatment but after six hour treatment the inhibition had 
grown to roughly 30 %. Peptide b-12 conjugate showed no notable effect, at two hours it 
had exhibited weak inhibition. 
 
6.2.5 24 hour treatment 
 
The results of 24 hour incubation with inhibitor compounds, peptides and inhibitor-peptide 
conjugates are presented in Table 4. FL295A showed still very strong inhibition at 10 µM and 
average inhibition at lower concentrations. The inhibition level of other analogs had reduced 
from those observed after six hour incubation, only ones still retaining significant inhibition 
in all tested concentrations being 13A and B. 13B demonstrated again slightly stronger 
inhibition than 13A. 
12A showed notably increased levels of luciferase activity in all tested concentrations and 
12B at 10 µM. This result could be caused by inhibitor-mediated stabilization of cytosolic 
luciferase. In this phenomenon the enzyme-bound inhibitor not only inhibits the enzyme but 
also slows down its degradation, in long term causing luciferase enzyme levels to increase 
inside the cell as the cell constitutively produces more luciferase. After a relatively long 
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period of time the inhibitor is outcompeted by a large amount of luciferin applied to the cell 
when measuring luciferase activity (Auld et al., 2008a). 
Peptide a and its conjugate displayed again some inhibition. Other peptides and their 
conjugates did not inhibit cytosolic luciferase after 24 hour incubation. 
Table 5 summarizes the fluctuations of luciferase inhibition over the measured time points 
of 10 µM inhibitor compounds and peptides. FL295A inhibited luciferase very strongly at all 
time points, showing only little reduction in inhibition over time. Thus, it seemed to form a 
very stable complex with luciferase which is not easily dissociated by excessive amounts of 
the substrate, luciferin. All inhibitors showed the strongest inhibition after six hour 
incubation, indicating relatively slow cellular intake. 9A was revealed to be the more active 
form of the corresponding structure and was the strongest inhibitor with an aliphatic linker 
side chain (see Scheme 5 for the structures of synthesized inhibitor compounds). Whereas 
other inhibitors displayed significant inhibition by only one of the two enantiomers, both 
enantiomers of compounds 13, an analog containing a diether linker side chain, were able to 
cause significant luciferase inhibition at all measured time points. 12A, the active form of 
compounds 12 showed initially weak inhibition but after 24 hours it enhanced luciferase 
activity, 12B did not show inhibition at any time point but displayed similar enhanced 
luciferase activity after 24 hour incubation as enantiomer A. This implies that despite being 
unable to inhibit luciferase, it stabilized the enzyme as discussed above. This in turn indicates 
a very weak binding to luciferase, easily outcompeted by luciferin. Peptide a showed weak 
inhibition of cytosolic luciferase, while its conjugate showed slightly stronger inhibition. As 
discussed before, this indicates that peptide a binds ATP while also allowing the conjugated 
inhibitor to inhibit luciferase. The significantly lower inhibition of cytosolic luciferase by 
peptide a when compared to its inhibition of recombinant luciferase indicates that peptide a 
does not readily permeate through the cell membrane. Peptide b-12 conjugate showed 
some inhibition at two hours, but none later, the same being the case of peptide c-12. Their 
corresponding peptides did not show reliable inhibition. Peptide d showed weak inhibition 
after two and six hour incubation but unfortunately its inhibitor conjugate peptide d-12 was 
not tested as its purification process proved to be excessively troublesome for the limited 
amount of time at hand, mainly due to its very weak solubility. 
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The conjugated peptides diminished luciferase inhibition greatly in tested concentrations but 
may still allow inhibition in higher concentrations. Unfortunately, higher concentrations 
would be harmful for living cells. Careful optimization of peptide sequence and linker side 
chain of inhibitor would be required to reach significant inhibition at micromolar 
concentrations on recombinant. Cytosolic luciferase inhibition would also require effective 
transportation through the cell membrane. 
The inhibitor analogs differed structurally only by their linker side chain. The previously 
synthesized reference inhibitor FL295, which did not contain the linker side chain, was 
clearly the strongest tested inhibitor. The most effective linker-containing analog was 13 
with a diether linker. The analogs with alkyl linkers seemed to be more effective with longer 
linkers, 9A containing the longest linker and showing strongest inhibition of the aliphatic 
linker analogs. This suggests that electronegative, and to some extent longer, linker side 
chains hinder luciferase inhibition less than short alkyl linkers. 
 
6.3 Cell viability assays 
 
Cell viability was measured to assess the toxicity of inhibitor compounds. Cell viability assays 
were performed after two, six and 24 hour treatments on the cells after measuring their 
relative luciferase activities. 
Figure 4 shows that none of the peptides or conjugates was fatal after two hour incubation. 
In Figure 5 it is shown that only novel inhibitor compound showing signs of cell lethality after 
six hour incubation, the time point when inhibition levels of novel compounds was observed 
to be highest, was 9A. This indicates that at least some of the inhibition caused by 9A was 
caused by inhibition of extra-cellular luciferase freed from dead cells. Other inhibitors 
seemed to have no lethal effects. Figure 6 illustrates that the peptides and conjugates were 
not fatal after 24 hour incubation. 
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7. SUMMARY 
 
Recombinant luciferase experiments showed that most synthesized inhibitors could inhibit 
recombinant luciferase. Peptide a caused relative luciferase activity to drop significantly, 
most probably by binding ATP and thus, preventing the light-emitting oxidative reaction 
catalyzed by luciferase. Peptide a-12 conjugate had even stronger inhibitory effect, which 
could be explained by the combined effects of ATP-binding peptide a and the specific 
luciferase inhibitor. Peptide d did not elicit any inhibition, but its inhibitor-conjugate peptide 
d-12 had notable inhibitory effect. This indicates that the conjugation does not necessarily 
prevent the inhibitory activity of the inhibitor moiety and also demonstrates the possibility 
of combining small bioactive peptides, such as CPPs, with specific luciferase inhibitors for 
cytosolic luciferase inhibition and visualization of conjugate localization. Utilizing the 
inhibitors this way would allow further studies on different bioactive peptides, ranging from 
assessing their cell membrane permeability to monitoring their intake kinetics and 
mechanism using a labeled inhibitor. 
Strongest novel inhibitors were 13A and 13B, which contained diether side chains. Other 
novel analogs contained alkyl side chains of different lengths. Inhibition of cytosolic 
luciferase was strongest after six hour incubation in presence of inhibitors. The results 
indicate enhanced cellular internalization when the side chain contains ethereal oxygen 
atoms in addition to the oxygens of carboxylic acid functional group. 9A seemed to produce 
moderate inhibition throughout the measured timeframe, but cell viability analysis showed 
it to be somewhat lethal for U87FLuc cells. 12A expressed some luciferase inhibition at 
earlier time points but enhanced the luciferase activity notably after 24 hour incubation, an 
effect possibly caused by inhibitor mediated enzyme stabilization. 
A significant characteristic of the covalent linkage by amide bond between the carboxylic 
acid functional group of the luciferase inhibitor and amino group of the peptide is that it 
should not spontaneously break inside the cell, but would have to be specifically cleaved. 
This gives peptide conjugates stability in intracellular environment. Coupling carboxylic acids 
to peptides is very straightforward and does not require expensive reagents, which is a 
definite advantage. 
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Future prospects 
For further studies, it is desirable to find such peptides that firstly do not elicit inhibition of 
luciferase by themselves and secondly hinder the efficacy of conjugated inhibitor compound 
as little as possible. Such peptides with ability to penetrate the cell membrane (i.e. CPPs) 
could be used to assess cytosolic luciferase inhibition by different inhibitors. On the other 
hand, effective luciferase inhibitors that do not hinder the function of peptides conjugated 
to them could be important tools for studying novel CPPs and also other peptides with 
intracellular targets. In an optimal inhibitor-peptide construct the inhibitor could be used to 
report whether the construct can localize inside the luciferase expressing cell. Such 
conjugate constructs have great potential for analyzing bioactive peptides but also give rise 
to interesting concepts such as double inhibitor constructs, wherein the peptide is also an 
inhibitor of some enzyme. 
Issues for further studies include the mechanism of cellular intake and possible long term 
capture on cell membrane, whether or not the conjugate splits at some point for example in 
endolysozome, how different conjugated peptides affect bioactivity of the inhibitor moiety 
and the overall optimization of inhibitor, linker side chain and peptide to form constructs 
that retain the biological activities of both inhibitor and peptide. 
With further experiments it seems possible to find new inhibitor-peptide conjugates that 
could be used to inhibit cytosolic luciferase through the CPPs’ cell permeating ability. In the 
case of cell membrane receptor mediated membrane permeation, the conjugates could be 
taken in the cell selectively and only in cells which express the compatible receptors on their 
cell membranes. The inhibitor could also report if the conjugate is bound to cell membrane 
by first measuring the cytosolic luciferase activity (which in this case should be virtually 
nonexistent) followed by cell lysis and another measurement of luciferase activity. The freed 
luciferase from inside the cell would now be available for membrane-bound inhibitor 
constructs. Overall conjugates consisting of small bioactive molecules and peptides have 
great possibilities and wide range of applications but first it is necessary to identify and 
optimize both independent bioactive small molecules and peptides and also their conjugates 
that retain the bioactivity of the different moieties. 
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